AD=AL19 084  AIR FORCE INSY OF TECH WRIGHT-PATTERSON AFS OH . 13 3
CONMAND AUSMENTATION INCORPORATING DIRECT $108 FORCE CONTROL AN=nETC (L)

UNCLASSIFIED Anucmmu-ut




LINCI ASS. ' / .
SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered) !
'
—i REPORT DOCUMENTATION PAGE " BEFORE COMPLETING LORM
1. REPORT NUMBER 2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
AFIT/C1/NR/82-39T \ N A/ 9%
4. TITLE (and Subdtitle) S. TYPE OF REPORT & PERIOO COVERED

Command Augmentation Incorporating Direct Side THESIS/DISSERTATYON
Force Control and Microprocessor Technology

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(a) 8. CONTRACT OR GRANT NUMBER(s)

Scott L. Grunwald

8. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK

AREA & WORK UNIT NUMBERS
\FIT STUDENT AT: Princenton University

{ 1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE ]
AFIT/NR May 1982 :
Q> WPAFB OH 45433 TS NgMBER OF PAGES !
! f
m 4. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) 15, SECURITY CLASS. (of this report) i
Peef UNCLASS 1
P
H 15a, DECL ASSIFICATION/ DOWNGRADING
SCHEDULE g

\

< % DISTRIBUTION STATEMENT (of this Report)
a APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED
. <<

1]

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

/ \ A

18. SUPPLEMENTARY NOTES ~ W ‘a
APPROVED FOR PUBLIC RELEASE: IAW AFR 190-17 %WOLAVER .
Dean for Research and

30 AUG 1382 Professional Developmenf x

AFIT, Wright-Patterson AFB JOH @J

19. KEY WORDS (Continue on reverae alde if necessary and identify by block number) I

20. ABSTRACT rContinue on reverse side if necessary and identity by block number)

ATTACHED

e CoPY

- DT &

AM 1473 EDITION OF 1 NOV 65 1S OBSOLETE UNCLASS

N7
8 2 0 9 0 7 4 2:]5'” CLASSIFICATION OF THIS PAGE (When Data Entered)

,D‘

»0




T

SO

ABSTRACT

Designs of aircraft for the near future exhibit the desire for
a greater amount of maneuverability. Direct force control enables
the decoupling of the aircraft's motion from its attitude,
providing significant benefits to both civilian and military
rlanes. And with the advent of the‘higﬁfly capable microcomputer,
the control law incorporating this increase in maneuverability will
most likely be implemented digitally. However, the information and
results in the areas of direct rorce control and digital flight
control are deficient.

This project was undertaken to increase the data base in these
areas through the use of a microcomputer mounted aboard the
Variable-Response Research Aircraft. BAn Equivalent Stability
Derivitive matching control law was develgped digitally to enable
“he following modes: flat turn, lateral translation or accelera-
tion, fuselage pointina, pure roll, and coordinated turn. A method

vaz devised to cermand an aircraft motion whose integral is included

m

2s a ctate in the dynamic equation of motion. Controller~to-command
zairings were varied for evaluation. |

The control law was coded in Assembly Language for use on the
~icrocomputer. The resulting program, entitled CAS-6, used a
nominal samplinag rate of 10 samples-per-second (sps) although 4

sl

20 £pr were aisc includel for tecsting., The modes were satis-

o
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factorly verified in a hybrid simulation which closely resembled
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conditions during flight testing,

During the initial flight tests instabilities were encountered,
attributed to external disturbances and the lack of weathercock

stability (N_) in the control law model. New modes including a

8
stabilizing N, term were developed and readied for flight, These
new modes performed significantly better in flight than their
previous counterparts, although pilot ratings showed that some

deficiencies still existed compared to the open-loop dynamics.

Two pilots preformed a tracking and an approach-to-landing exercise.

y

It is apparent from flight testing that probably as much
attention must be devoted to human factors considerations as to the

control law itself in order to develop an effective digital flight

control system incorporating direct force contffﬂjr
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ABSTRACT

Designs of aircraft for the near future exhibit the desire for
a greater amount of maneuverability, Direct force control enables
the decoupling of the aircraft's motion from its attitude,
providing significant benefits to both civilian and military
planes. And with the advent of the hightly capable microcomputer,
the control law incorporating this increase in maneuverability wiil
most likely be implemented digitally. However, the information and
results in the areas of direct rforce control and digital flight
control are deficient.

This project was undertaken to increase the data base in these
areas through the use of a microcomputer mounted aboard the
Variable~Response Research Aircraft, An Equivalent Stability
Derivitive matching control law was developed digitally to enable
the following modes: flat turn, lateral translation or accelera-
tion, fuselage pointing, pure roll, and coordinated turn. A method
was devised to command an aircraft motion whose integral is included
as a state in the dynamic equation of motion. Control.er-to~command
pairings were varied for evaluation,

The control law was coded in Assembly Language for use on the
microcomputer. The resulting program, entitled CAS-6, used a
nominal sampling rate of 10 samples-per-second (sps) although 4
and 20 sps were also included for testing. The mode: were satis~

factorly verified in a hybrid simulation which closely resembled
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conditions during flight testing,

During the initial flight tests instavilities were encountered,
attributed to external disturbances and the lack of weathercock

stability (N_) in the control law model. New modes including a

B
stabilizing N_ term were developed and readied for flight, These

g
new modes performed significantly better in flight than their
previous counterparts, although pilot ratings showed that some
deficiencies still existed compared to the open-loop dynamics.
Two pilots preformed a tracking and an approach~to-landing exercise.
It is apparent from flight testing that probably as much
attention must be devoted to human factors considerations as to the

control law itself in order to develop an effective digital flight

control system incorporating direct force control.
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1. INTRODUCTION

Control systems which allow a pilot to command an aircraft's motions
rather than its aerodynamic surfaces have the potential for improving
maneuverability and safety as well as reducing pilot workload. This is
particularly true for aircraft that incorporate direct force control
in addition to the more conventional angular controls. Nevertheless,
the choice of command variables is not obvious, and flight data are
required to determine desirable control structures. Princeton's
Variable-Response Research Aircraft (VRA), which is equipped with
direct 1ift and side force surfaces, has the capability of independent
control about all six rigid-body degrees of freedom (DOF), so it is
capable of performing experiments related to this issue. Furthermore
its digital flight control system can execute the logic that is required
to investigate advanced control concepts, such as decoupling, stability

augmentation, and the use of unconventional control surfaces.

The research reported here is part of a continuing investigation of
digital flight control using microprocessor technology at Princeton's
Flight Research Laboratory (FRL). In the first phase of study, a single-
input, single-output, Type 0 control law was developed using a reduced-
order longitudinal dynamic model, and it was flight-tested in the VRA
(Ref. 1). The CAS-1 control law demonstrated that off-the-shelf micro-
processor components could be used as a flexible basis for digital flight
control research. In the next phase, dual-input dual-output lateral-
directional control laws involving a Type 0 and equivalent Type 1
structures were investigated (Ref. 2). The command augmentation system
(CAS-2) was flown in the VRA using four-state feedback linear-quadratic
sampled-data regulator theory, and, in one part of the testing, a side-
slip estimator. Only the conventional control surfaces (ailerons and

rudder) were commanded by CAS-2.

1-1
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The Model 1 microprocessor-based digital flight control system
(Micro-DFCS) used in these tests was based on the Intel 8085 central
processing unit (CPU). During the first two years, Navy and Princeton
University pilots accomplished sixty hours of flight tests. The
piloting tasks involved tracking at altitude, field carrier landing
practice, and conventional approach and landing, and there was emphasis
on determining the effects of sampling rate, control resolution,

and computation delay.

The present investigation constitutes the third phase of this
research. Building on the prior work, its overall objective is to
develop new methodologies for digital control system design and test
them in flight, with the particular emphasis on the incorporation of
direct side force control in the system. Additional details of this

goal are given in the next section.

1.1 OBJECTIVES

This thesis considers the control of an aircraft's lateral-

directional modes of motion; the research on which it is based has

three main parts:
® Analysis of advanced control modes employing direct
side force control

o Implementation of the necessary digital control laws
using microprocessor-based technology

e Flight testing of these advanced control concepts

1.1-1 Advanced Control Modes

An aircraft such as the VRA with full moment and force control can
respond in a manner which has only recently been investigated. Potential
applications can be found for civilian (Ref. 3-5) and military (Ref. 6-12)
aircraft, and further work must be accomplished. New (unconventional)
modes may improve such operations as approach and landing, air-to-air

1-2




engagements, and air-to-ground tasks. Three of the more significant
advanced lateral-directional control modes are described in further
detail.

The flat turn (Fig. 1-1a) involves a heading change with no excursion
in either sideslip or roll. In this fashion, a pilot can correct an
azimuth error with one command. A conventional roll-to-turn airplane
requires two distinct inputs--one, a bank into the turn and another,
to return to straight-and-level flight once the proper heading is
achieved. This normal technique not only can add to maneuver time and
pilot workload, but it could serve to disorient the pilot because of the
additional axis of motion involved. The flat turn mode has shown promise
in ground target tracking and air-to-ground weapon delivery, where the
control of the velocity vector and the elimination of the roll pendulum
effect is critical. In control configured vehicle (CCV) flight tests,
F-16 pilots reported that up to .7 g of lateral acceleration was
tolerable during the maneuver (Ref. 13).

A second control mode unique to aircraft with direct side force
control is lateral translation (Fig. 1-1b). This capability features
the ability to control lateral velocity (or sideslip) without any
deviation in heading or roll angles. Lateral translation can be beneficial
in offsetting cross-wind effects or small lateral displacements during
either landing or ground target tracking. It also can be used to track

vehicles on winding roads or roads running nearly perpendicular to the
flight path.

The third advanced control mode is fuselage pointing (Fig. 1-1c).
During this maneuver, the aircraft's nose is pointed laterally while
the horizontal flight path and roll angles remain unchanged. Possible
uses of this technique include cancelling tracking errors in an air-to-air

environment and increasing the tracking duration.

1-3
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a) Flat Turn

b) Lateral Translation
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Figure 1-1.
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Lateral-Directional Advanced Control Modes.
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1.1-2 Digital Control Laws

Recent advances in computer technology have made digital flight
control possible. Digital computers are well-suited to the matrix
manipulation associated with modern control laws. Microprocessor-based
technology gives the capability of having a small on-board computer
process signals in the short time between sampling instants. The
flexibility of digital computers allows for control program modifica-
tions or gain changes without hardware alteration. Through redundancy
management, flying safety can be improved by the use of these computers.
Since control systems of this type are beginning to appear in opera-

tional aircraft, alternative designs must be analyzed, including their

effect on flying qualities.

1.1-3 Flight Tests

Analytical results of an aircraft control law cannot be satisfactor-
ily verified without flight tests. The resulting handling qualities
are major factors in a pilot's evaluation of the aircraft, and the
traditional airplane handling specifications guide, MIL-F-8785B (Ref.14),
requires new information concerning both advanced control modes using
direct force, and sampling effects associated with digital flight control
routines. Studies, including that of Ref. 15, are being conducted to
improve the specifications in this area. The VRA, with a microprocessor-

based flight control system (Micro-DFCS) capability, is ideally suited to

conducting this type of evaluation.

1.2 OVERVIEW

This thesis follows the logical order of developing the digital
flight control system for testing in the research aircraft. Chapter 2
develops the digital control law and presents the resulting computer

simulations. Chapter 3 shows the development of the microcomputer




program along with results of a hybrid simulation. Chapter 4 decribes
the flight tests and the corresponding pilot evaluations. Finally,

Chapter 5 discusses the results of the study, along with conclusions

and recommendations.




2. CONTROL LAW DEVELOPMENT

This study begins with the development of a flight control law
for implementation on the microcomputer. After the derivation of the
lateral-directional dynamic model, command vectors are determined
based on task-oriented considerations and steady-state responses. The
problem of which cockpit manipulator should command each of the
seclected aircraft motions is then addressed. Control laws suited to
these command vectors are determined, and the associated gains are

calculated. Computer simulations of the closed-loop time responses

are presented.
2.1 AJIRCRAFT DYNAMICS

Although the control law is to be implemented digitally, the
aircraft dynamic equations of motion are derived in the continuous-time

domain and then transformed to the discrete-time domain.

2.1-1 Continuous-Time Dynamic Model

The aircraft's rigid-body motions are described by a twelfth-order,

nonlinear, differential equation of the form,
x(1) = £[x(1),u(t),u(t),t] e¥

where x is a vector containing the aircraft states, u the controls, w

the disturbances, and t is time.

For control law development, the equations of motion are simplified

by
Neglecting unsteady aerodynamic effects

Neglecting disturbances
Retaining only the lateral-directional modes of motion

Linearizing about a nominal point with a first-order Taylor
Series expansion.

2-1
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These simplifications give the sixth-order expression,
Ax(t) = F(t)Ax(t) + G(t)Au(t) ()

where the A signifies perturbations about the nominal, or trim, condi-
tion. F and G are determined by partial differentiation of the equations
of motion with respect to Ax and Au, respectively. The state vector
consists of lateral position, yaw angle, yaw rate, sideslip angle, roll

rate, and roll angle,
bx = [ay &y o 88 dp 8¢]T (3

where the superscript T denotes the transpose of the vector. The de-
flections of the three aerodynamic surfaces--rudder, side force panels,

and ailerons--comprise the control vector,
T
Au = [ASR ASSF ASA] (4)

With the further assumption that
e Ay and Ay can be neglected since they provide little
dynamic information
e The equations apply only at one flight condition (i.e.,
F and G are time-invariant)
the fourth-order lateral-directional, continuous-time equations of

motion (which neglect actuator dynamics) for use in this study are

written,
Car ] [ N N o 1Tar] [ w N N, J[asr
T r 8 P T §R 8SF A
. -1
AB L YRV Yp/V YLV g/v || 48 . Yor/V  Yasp/V Yea/V||L6SF
Ap L, Lg Lp 0 Ap Lsp Lesg Lsa []06A
(8] Lo 0 1 o JLaej Lo 0 0o |
(5)
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or,

Ax = FAx + GAu (6)

with the initial condition, 45(0)=A£0. (Note that Ax and Au still are
functions of time, although the notation (t) has been dropped.) The F
matrix describes the aircraft's stability and modes of motion, while the

G matrix contains the effects of control on the dynamics.

Based on the advanced control modes to be implemented, two

straight-and-level flight speeds were selected:

® VRA cruise speed (105 KIAS)
® VRA final approach speed (75 KIAS)

The F and G matrices for the above flight conditions are given in Table
2-1. The stability and control derivatives of the VRA have been obtained
from various sources, both published (Ref. 16-17) and unpublished.

Some differences were noted, so the values of Table 2-1 should be con-

sidered approximate.

Table 2-1 presents the corresponding eigenvalues (A) of the lateral-
directional modes of motion: Dutch roll, spiral, and roll. These are
based on the determinant,

A1 - Fl =0 )
where I is the identity matrix.

Defining the system output,Ay, as the pilot command, the equation,

Ay = H Ax + H Au (8)
also is required. The pilot command, Ay has the same dimension as Au,

and Hx and Hu are the state observation matrix and the control observa-

tion matrix, respectively. This relation allows the command vector to
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Table 2-1.

~0.75 5.3  -0.260

Folet -0.400 O
1.16 -11.5 -6.5
0 o 1.
w
"pR
A
T
A
S
-0.685 2.99 ~0.199
Pt -0.416 0
1.6  -6.096 -4.6
0 o 1.
wﬂ
DR
A
by
A

[}

1

"

L]

VRA Stability Characteristics
(All angles in radians or degrees.)

V = 105 Knots

0 -6.10 2.1 -0.222
0.181 G = 0.0935 0.38 0

0 0.6 0 21.

0 0 0 0

2.51 rad/sec, CDR = 0.212

-6.576 rad/sec

~0.0108 rad/sec

V = 75 Knots
0 ~4.12 1.54 -1.09

0.254 g=| 0047 0.25 0
0 0.392 0 11.4
Q 0 0 0

7 =
1.97 rad/sec, CDR 0.264

-4.672 rad/sec

0.00857 rad/sec
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Tepresent states, state rates, controls, or linear combinations thereof.
Equations 6 and 8 represent the aircraft's continuous-time dynamics and
output.

2.1-2 Discrete-Time Dynamic Model

Sampled-data regulator theory (Ref. 18) transforms the continuous-
time domain equations for control system design to the discrete-time
domain, allowing "direct digital synthesis". In a sampled-data system,
the input occurs at discrete instants, but it drives a continuous-time
system. Observations of the state and output variables are available
only at these discrete times. With the discrete-time transformation,

eq. 6 becomes,

A5k+1 = ¢A§k + FAgk (9)

The subscript k is a non-negative integer that represents the sampling

instant. ¢, the state transtion matrix, is expressed,

FT

d=e¢e (10a)
D% () |
=1+ FT + = + L—g%- + .. (10b)
where T is the sampling interval, teel ~ tk. The relation for the control
effects matrix, I, is,
tk+1
r =f 8 (1)Gdt (11a)
%
-1
= (¢ - DF G (11b)

Equation 11b follows from the fact that the control is assumed to change
only at the sampling points, i.e.,
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Au(t) =dw, , t Jt<t (12)

k — k+1

Equation 12 is characteristic of a zero-order hold system.
The pilot command in eq. 8 transforms to the discrete-time domain as
Ax_k = HXALk + HuAP'k 13)

where Hx and Hu remain the same as in the continuous case.

2.1-3 Fifth-Order System

The preceding discussion presupposes a fourth-order state vecter.
However, in order to implement a command mode like fuselage pointing, in
which both lateral flight path angle and sideslip angle are controlled
independently, the state vector must be augmented to include the yaw
angle. The yaw angle is a better choice for the fifth component than
the flight path angle, because a heading gyro (which measures yaw
attitude) is available for control feedback. Since the yaw angle is
pure integral of the yaw rate at the nominal flight condition, the fifth-

order model becomes,

]

| Fy , G=| 6 (14)
I
[]

where the subscript 4 denotes the fourth-order model described in Table 2-1.

The state vector now includes yaw angle in the first row, and the original
components are shifted down one position. The dynamics and output
equations remain in the same form, but, F is singular, i.e., it can not
be inverted because there is an eigenvalue equal to zero (a pure integra-
tion mode). Consequently, eq. 11b is not defined; however F-1 can be
eliminated (Ref. 19) if it is represented in series notation. The control

effects matrix is then,
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reorir-oreEL L g (15)

2.2 COMMAND VECTORS

The command augmentation system (CAS) is designed to implement a
command vector selected on the basis of practicality and feasibility.
Practicality involves those command modes which are dictated by an opera-
tional, or task-oriented, need, while feasibility considerations are

based on steady-state responses to command.

2.2-1 Task-Oriented Modes

Some modes which allow for practical tasks have already been
described as advanced control modes. For example, a logical flat turn

command vector is,
T
Ay = [Ar AR Ap) (16)

since yaw rate is commanded while maintaining sideslip and roll rate
perturbations near zero. This command vector also facilitates a lateral
translation mode in which sideslip is commanded without excursions in the
other two command variables. A command of only roll rate produces a pure,
or "knife-edge'", roll which is of questionable value, as yaw rate remains

zero, so the aircisft does not turn.
Substituting roll angle, A¢, for roll rate in the command vector
provides an alternative mode. In a coordinated turn (a turn in which

lateral acceleration is zero), steady state yaw rate is related to steady-

state roll angle by,
*Ov
Ar = Eage (17)

where (')* denotes a variable that has reached equilibrium (Ref. 20).
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If this desired yaw rate is commanded through an interconnect, the

turning maneuver will be coordinated.
If instead, the command vector in eq. 16 is changed to include ;
sideslip rate, AB, rather than sideslip angle, a lateral acceleration

translation mode results. This mode could prove useful for energy

management, or for "jinking', an evasive maneuver in air-to-air combat.

In order to have the ability to point the fuselage, a command

vector like,
T
by = [AE AB Ap) (18)

must be chosen. (Af is the lateral flight path angle, which is defined

as AP + AB.) This selection would allow a flat turn of a desired angle.

2.2-2 Steady-State Responses

Command augmentation is concerned not only with satisfactory
stability and transient behavior but with equilibrium response to command
(Ref. 21). Steady-state response is determined by the aircraft dynamics
and the desired command vector, and it is independent of the feedback
control law. Given a desired command vector alone, the resulting steady-

state control and state variables of an aircraft can be calculated.
In the steady state, all transients have died out, so,
Ax = Ax, = Ax* (19)

“k+1 i

and upon substitution, eq. 9 becomes,

x* = -(d - 1) Iraus (20a)
= (I - ) ‘rau (20D)
2-8
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This equation gives the relation between steady-state control and state,
but the command vector,Ay, is not included. Assuming the output is in
steady-state when the state and control are in equilibrium, i.e.,

Ay* = HXAE* + HuAE* (21)

and solving eq. 20 and 21 simultaneously leads to the single matrix

equation,

Ax* -1 Tr|-1]o

. (22a)
* *
Ay Hx Hu Ay
0
4 41 \ (22b)
x*

In general, eq. 22 describes the steady-state response of an air-
craft's motion variables and controls to a pilot command. The relation-
ship, however, does not apply if the compound watrix, €, is either non-

square or singular (i.e., its determinant is zero).

In this study, 6 is square since the number of controls is equal to
the number of commands. On the other hand, 6 may be singular for certain
choices of the command vector. Specifically, when a state variable is
the integral of another component that is chosen as a command variable,
the former state variable does not remain constant when the latter has
reached steady state. For example, if roll rate is commanded, a steady-
state roll rate implies a steadily increasing roll angle, and similar
results pertain to the command and state pairings of Ar and Ar, Aé and
AB, etc.

In the event of this singular command equilibrium, a quasi-steady

relationship in which forces and moments are momentarily balanced, can

be derived by partitioning vectors and matrices in the following manner:
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Ax o 1A r i
L e R B R e B [Hx IH ] (23a,b,c,d)
bxg Agh g Ty Nt ¥

The subscript S denotes terms causing the singular equilibrium, while all
other terms are denoted by the subscript N, for "nonsingular"; the A
matrices represent cross-product terms in the state-transition matrix.
Then, there is a reduced-order model for which a steady equilibrium truly

exists, and it has the form,

Ax* o.-1 T -1 [-Aaxr
Nl _ | N hhxg (242)
Au* [k H H Ay*-H_ Ax* | k
XN u L XS S
A Q11 Q12 r'ANAEE
4 (24b)
- *
B 8y by* HxSAls K

The nonsteady terms, appearing as external disturbances to the new model,

are described by a summation involving the steady states, i.e.,

Axx = AAxy  + @ Axt 4 T Aux (25)

This analysis enables the determination of the maximum amount of
aircraft motion that can be commanded in steady state. For a particular
command vector, the maximum amount of a command variable that can be
generated by the VRA is dictated by the control surface whose steady-state
deflection reaches the VRA's maximum capabiiity (Table A-1) first. (It
should be noted that although the maximum deflection of the VRA's side
force panels is #35 deg, the panels stall at *15 deg in the zero-side-

slip condition,)

Based on the presentation in this section, steady-state response

to commands were calculated. Numerous command vectors were tried, but
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only those vectors deemed practical and feasible (shown in Table 2-2,
along with the corresponding steady-sate responses and maximum command

capability) were selected for further consideration.

The possibility of using lateral acceleration,Any, as a state
should be considered. Lateral acceleration, in g units, can be
expressed as (Ref. 22),

bn, == (or + AB) - A¢ (26)

0| <

where all angles are expressed in radians. Substitution of the first

two rows of eq. 5 into eq. 26 gives,

Any = (YrAr + Y A8 + YPAp - Y RAGR + YGSFA6SF + Y6AA6A) 27)

B 8

0 |

In order to use Any as a state in the form of eq. 6, its derivative must

be calculated; from eq. 27 (ignoring terms which are zero for the VRA),

Y Y Y
An = —Bag + SRash + SSFrsip (28a)
y T 8 g 3
Y Y Y Y Y
= - Bar+ Ban + Bpp + SRask o SSFrssi (28b)
g g 'y g g g

This equation clearly shows that without augmenting the state vector to
include actuator dynamics, the use of Any as a state will not give a true
dynamic representation. (This was verified in time response comparison
using AB and then substituting Any as a state.) However, in nonsingular

equilibrium,
an* = Yare - pgr (29)
Yy 8
so lateral acceleration could be used to replace sideslip angle as a

state in steady-state analyses. In addition, when the command vector

includes yaw rate, as well as roll rate or roll angle, the command of
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Table 2-2. Steady-State Analysis of Command Vectors
Ar | [ Ar ] AE Ar
by I AR A8 AB
bp 108" 80| 105 | ap | 105 p | 105
——e —e
0] 0 Tol [isl[1] To 0
Ay* 0 0 0 1 1
0] 1f [t Jlof [o 0
—— ————
t=0  t=1 t-0 =1
sec secC s_eg_ _se_c
AY*(°) - - - - - -1 -1 - -
Ar*(°/s) 1 0 0 0 0 181 0 0 0 0
AB*(°) 0 1 0 0 0 0 1 1 .98
bp*(°/s) O 0 1 1 0 0o o0 0 0
AG*(®) 0 0 0 1 1 0 o 0 .009
Any*(g)  .096 0 -.001 -.018 -.017 O O O 0 .096
ASR*(°) .72 1.12 -.057 -.21 -.15 -.020 O 1.12 .87 1.97
ASSF*(°) 2.45 .78 -.010 -.45 -.44  .005 O .78 2.42 3.18
AGA*(°) -.076 .52 .31 .32  .004 -.009 O .52 .005 .51
w
4.9 4.9 4.9 ev 4.9
By* 13.4 . 13.4 | |13.4] |13.4 . 1.93:
5.43 27.3]) 750 5.43 5.43

+ signifies the maximum command authority after 5 secondc

x denotes velocity (in knots) at which equilibrium occurs

TR
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Table 2-2.
AdR
Ay AGSF
ASA 105
P e
1 0
Ay* 0 1
0 0
Ar*(°/s) -27.0 9,75 43.9
AB*(®) 2.68 .98 6.25
Ap*(°/s) 0 0 0
20%(°)  -156 53.9 256
Any*(g) 11 -.002  -.24
ASR*(°) 1 0 0
ASSF*(°) 0 1 0
ASA* (°) 0 0 1
e ————
15
AXfmax a5
30

ar
A8
Ad 75

0 0 .254

1 0
0 1
1 4] 0 .254
0 1 0
0 0 0
0 0 1
.069 g -.017 O
1.29 1.14 -.36 -.031
3.76 1.45 -.95 .006
-.18 .50 .012 -.035
e
3.19 3.19
13.2 13.2
12.6 484

2-13

B e R

Steady-State Analysis of Command Vectors (contd)

ASR
ASSF
“ASA TS
e et
1 0
0
0
39.4 -15.4 ~-45.1
10.4 ~4.05 -9.97
0 0 0
172 -68.4 -194
-.30 .14 - .35
0
0 0 1
\_—-—.'—_—/
15
35
30




Any creates a singularity, because setting Ar and A¢ to zero in eq. 26

implies a Aé command.
2.3 CONTROLLER-TO-COMMAND PAIRINGS

Even though possible command vectors have been determined, the
problem of which cockpit controller, or manipulator, should direct
which command motion remains. Prior studies involving tests of direct
side force (DSF) have employed such manipulators as a ''coolie hat'
switch or thumb wheel atop the control stick, in addition to conventional
foot pedals and lateral stick motion. These studies showed that pilots
have varying opinions as to which manipulator/command pairs are best.
Reference 3 found that pilots preferred to use a proportional thumb lever
uncoupled from the conventional controls for direct side force command,
having tested a number of alternatives in flight. Foot pedals were
used to achieve a flat turn in Ref. 6, while side force effects were
geared to the lateral stick for the approach-and-landing simulations
of Ref. 4. A throttle-mounted controller was used in the simulation
of Ref. 9 to command sideslip, while the pedals commanded a flat turn
and the lateral stick commanded a coordinated turn. Reference 7 points
out that pilots preferred the foot pedals for the command of all of the
DSF advanced maneuvers during the F-16 CCV test flights. The thumb
button was considered useful only for precise changes in pipper position

during the flat turn mode.

The VRA's spring-loaded, stick-mounted, thumb lever (Fig. 2-1),
which has a lateral travel of 15 deg (about one inch at the apex), was
used in this investigation. It was decided to test the following

nominal controller-to-command pairings in flight:

o Foot pedals--yaw rate or flight path angle
® Thumb lever-~sideslip angle or rate

e Lateral stick--roll angle or rate
These pairings were thought to be the most natural for the pilot; the
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two directional motions are commanded by the two directional manipulators,
and roll is commanded by lateral stick deflection. Two variations of

the baseline pairings also were considered for further possible testing.
In the first case, each directional motion is controlled by the other

directional manipulator.

Pedals--sideslip
Thumb lever--yaw rate

e Lateral stick--roll rate

In the second case, the pure roll mode, which may be of limited value,
is commanded by the less conventional thumb lever, and the stick,

which conventionally commands a banked turn, commands a flat turn.

e Pedals--sideslip
e Thumb lever--roll rate

e Lateral stick--yaw rate
2.4 CONTROL LAW

With the choice of command vectors and controller-to-command pair-
ings complete, a closed-loop control law.that can produce the decoupled
motions, as selected by the command vector, must be determined. A number
of control design possibilities exist, including implicit and explicit
model following (Ref. 23-26), or the linear-quadratic (LQ) regulator,
with variations such as state-rate or control-rate weighting (Ref. 27-
28). A relatively simple algebraic control design approach was pursued

in the present investigation, as detailed below.

2.4~1 Equivalent Stability Derivative Matching

Equivalent Stability Derivative (ESD) Matching (Ref. 29) enables
the VRA's closed-loop response to closely match the open-loop dynamics
of some chosen model. In the continuous-time case with three controls

(rudder, ailerons, and side force panels) for the three lateral directional
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rigid-body degrees of freedom (yaw and roll moments plus side forcej,
perfect model following, in the sense of Erzberger (Ref. 30), can be
achieved within the constraints of the VRA's control deflection, rate,
and bandwidth limits. With direct side force available, ESD Matching
enables the control law to be calculated algebraically. The resulting
gains are identical to those that would be calculated by the more
sophisticated implicit model following technique.

For microcomputer implementation, the ESD control law derivation
must proceed in the discrete-time domain. The mathematical model of
the aircraft to be followed is assumed to have the same dimensions, form,

and initial conditions as the VRA's equation (eq. 9), i.e.,

Ax = ¢MAx + FMAu (30)

where the subscript M denotes the model. If the VRA and the model are

stable systems, the two will be matched when,

Ax = Ax, and Bx = Ax (31,32)

With these two conditions, the control for the VRA is,

Agk = T#[(@M - ¢)A5k + FMAEMk] (33a)
= Cphx, + CpA (33b)
where,
CB = P#(¢M - %) (34)
CF = T#FM (35)

Choosing the CB and CF for Fig. 2-2 in this way will enable the VRA to

behave like the model aircraft. TI'#, the Moore-Penrose pseudoinverse
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Figure 2-1.

VRA Thumb Switch.
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Figure 2-2. Equivalent Stability Derivative Matching Control Law.
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is defined as (Ref. 31),
re = oy~ ieT (36)

The pseudoinverse is useful when the inverse of a matrix does not
exist due to the fact that there are more equations than unknowns (in
this case, four and three, respectively). It is precisely because of
this control overdetermination--which can be circumvented in the con-
tinuous case--that the model following is not guaranteed to be perfect.
The discrete-time model is controllable (Ref. 32), so perfect model
following is attainable at the sampling instants. Because the control
law uses the pseudoinverse, the VRA follows the model in a least-square

fashion.

Since the model aircraft is fictitious, and it is desired that its
inputs be the pilot's commands, the ESD law of eq. 33 is appropriately
modified. 1If ¢M and TM can be selected so that the model's controls will
produce the corresponding aircraft motions desired in the constant

command vector, i.e.,
AEM = Ay* (37)
the ESD control law becomes,

AER = CBA_)Sk + CFAz* (38)

as depicted in Figure 2-2. Equation 38 is now identical to the general

control law with a nonzero set-point, of the form (Ref. 22),

Agk = 'CAEk (39)

The aircraft states are fed back through the matrix CB, while the
pilot commands are transmitted through CF' Although this is a Type 0

system--there is no pure integration or summation in the forward loop--zero
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error still can be attained if the aircraft parameters are known exactly,

and no disturbances are present.

1f a command vector is selected such that singular equilibrium
results, at least one of the aircraft states will be in quasi-steady
equilibrium, and eq. 38 no longer applies. A solution is developed for
the command vector that includes yaw rate, sideslip, and roll rate.

To begin, eq. 39 is expanded so that,

Agk = Agi = C(A)_(k - A}i) (40)

Upon substitution of eq. 24b,

*

A

By = Sy ABxg + Gy ly* - Clhx - - (41)
_.S
K

Because of the particular command vector chosen, some terms appearing

in eq. 24b simplify: Hxs = 0, and since Hu =0, Qll = 0 and 912 =1,
Then, grouping terms in eq. 41,

AHk = (922 + CN)Azf - CA§k + (-921AN + CS)A§§k (42)

where the gain matrix, C, is appropriately subdivided as,

t
C = [cN ! cs] (43)
Finally, eq. 42 is rewritten as,

A
Agk = CéAx* + CBA5k + CIA§§k (44)

C% denotes a forward gain matrix that is different from that calculated
when nonsingular equilibrium exists. CB’ on the other hand, is computed

as before (eq. 34). Note that,
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c, = -C (45)

An additional term, CI’ is required in the ESD Matching control law

equation to account for quasi-steady equilibrium.

The need to make adjustments in the control law for quasi-steady
equilibrium was not understood until late in the research. Consequently,
the modes which involve the command of roll rate initially were developed
using eq. 33 as the control law equation. Computer simulations were
performed using the correct equation developed late in the investigation.
These verified the suitability of eq. 44 during quasi-steady equilibrium.
Comparison figures are presented in Section 4.3-2. The use of the
modified control law equation practically negated any steady-state yaw
rate or sideslip when roll rate was commanded. However, for certain
choices of the aircraft model (e.g., when f24 is zero) no difference
arises between the two equations. Also, the difference is not apparent

when either yaw rate or sideslip is commanded.

The closed-loop response can be calculated to ensure that the control
law is enabling the VRA to follow the model. An equivalent continuous-
time closed-loop system dynamics matrix is solved,

=1
Fo = 7 10 9 (46a)

1 2 1 3
[(¢CL - D -5y - D730, - DT - ] (46b)

where the closed-loop state transition matrix is,

3|

QCL = ¢+ FCB (47)

The eigenvalues of the continuous-time closed-loop system are computed

as before, by solving for the roots of the characteristic equation:
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| A1 - FeoL | =0 (48)

2.4-2 Model Selection

Steady-state equations can be used to make the relation in eq. 37 |
hold. The equivalent continuous-time expression of eq. 20 is, for the 1

model,

* = -1 *
by = Ry 4s)

The continuous-time relationship is used because the F and G matrices
provide more physical dynamic insight than their discrete counterparts.
FM dictates the model's transient behavior, while both FM and GM
determine the amount of motion coupling in steady-state. If the de-
coupled commands are aircraft state variables, the following method

is used:

1) Select FM so that the states are decoupled as much as

practicable and with satisfactory transient behavior.

2) Chose GM based on the following:

a) Equation 49 is written

b = A G0)

b) AM (a 4 x 3 matrix), which describes the steady-state
relationship between the model's control and state

vectors, is determined by the choice of command vector.

c) From eq. 49 and 50,

Gy = ~Fay (51)

3) Calculate @M and FM using eq. 10 and 11.

4) Calculate CB and CF using eq. 34 and 35.
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In choosing FM and GM’ some constraints were heeded so that the
model would fly like a ''real aircraft". (Ref. 33) Roll angle is
dynamically the pure integration of roll rate, so the bottom row of F

and GM must be identical to the VRA's. It is not clear whether the

M

"g/V" term (f24) must be present in the model. With this in mind,
various model F matrices were chosen to give a satisfactory, decoupled
transient response of the command variables. Reference 14 is not a
satisfactory guide in this instance. The model has decoupled lateral-
directional response modes, whereas Ref. 14 is primarily concerned
with normal modes of motion (i.e., Dutch roll, roll, and spiral) and

aerodynamic surface commands.

VRA pilots provided a guideline for the desired response behavior of
the command motions. It was thought that a time constant of 0.1 sec and 0.5
sec would be sufficient for the yaw rate and sideslip response, respectively,
while the roll rate response should be at least as good as that of the open-
loop VRA (a time constant of 0.154 seconds at 105 KIAS and 0.217 seconds
at 75 KIAS). In order to command roll angle, a coupling term, L¢, must
be introduced in FM' Similarily, an NW term is added when the command
vector contains flight path angle. Based on Ref. 34, a nominal damping
ratio (Z) of 0.7 is selected for the angle command, while the natural
frequency (wn) is varied to affect rise time. The amount of roll or
flight path angle commanded has a great impact on the proper value of
w to be chosen for good handling qualities. For example, a pilot
probably would desire a slower rise time when commanding a larger roll
angle. One final coasideration in choosing a model is the resulting
initial control deflections, because actuator dynamics have been ignored
and the ESD method does not include control rate restraint. A heuristic
approach is followed: the initial control deflections to a command,
which are determined by inspection of the corresponding column of CF’
should be reasonable and comparable to those of the unaugmented VRA.

Using the method of this section, various models were selected,

associated gains were calculated, and time histories were generated.
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Sampling rates used are based on the discussion in the next section.
Tables 2-3 and Fig. 2-3 to 2-9 depict the resulting modes. Modes vary
because of differences in the selected model, sampling rate, and command
vector. (Refer to Appendix B for the computer programs that correspond
to the ESD Matching technique.)

In Figure 2-3a, the open-loop response to control of the VRA at
105 KIAS is shown. The Dutch roll mode is prevalent throughout the plots
while the snappy roll mode, accompanied by a slight amount of adverse

yaw, is seen with a ASA input.

Mode 01 is depicted in Figure 2-4(a-c). All of the states commanded
represent first-order responses (Ar has a T = 0.1 sec, AB a T = 0.5 sec,
and Ap a T = 0.1 sec). With a Ar command of 1 deg/sec, Ap is nulled, and
a miniscule hangoff of .00009 deg exists in AB. To enable the quick rise
time of Ar, ASR is initially deflected in the opposite direction of its
equilibrium value. When 1 deg of AR is commanded, an initial ASSF of
4.45 deg is required--a possible problem considering the VRA's actuator

rate and limit. This large initial control deflection is due to the

inherent properties of the VRA; AGSF is required immediately to negate
the strong tendency of the aircraft to yaw with the sideslip-producing
ASR. However it is seen also that the < _cady-state control required, as
is the case for all the examples, agrees with the equilibrium response
to command previously computed. The lateral cranslation creates an
initial Any of 0.18 g per degree of AB. Finally, as 2 result of using é
the improper control law gains for this singular equilibrium case, a {

continuously increasing A8 results when Ap is commanded.

Mode 02 (Fig. 2-4(d-f)) is similar toc Mode 0l. The speed of response
has been diminished so that T = 1 sec for Ar and AB, and T = 0.154 sec |
for Ap. Ths initial A4SF required for 1 deg of AB is reduced to 2.4 deg
and the initial Any is now oniy 0.09 g.
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Mode 05 (Fig. 2-4(g-i) also is identical to Mode 01, except the
"g/V" term in FM is zero. This alters the last column of CB and CF and
serves to precisely null AR* when either Ar or Ap is commanded. The
command of Ap illustrates the necessity of a quasi-steady equilibrium
analysis: A¢ (not shown), Any, and all three controls are changing

at each sampling stant.

A coordinated turn capability is included in Modes 06 and 07
(Fig. 2-5). The responses to the command bf Ar and AB are similar to
those of Modes 01 and 02. Again, because of the inclusion of L¢ in FM’
AR* = 0 when Ar is commanded. For the coordinated turn capability,
the second-order A¢ response is quicker in Mode 06 (wn = 7 rad/sec,
gz = 0.7) than in Mode 07 (wn = 3.5 rad/sec, ¢ = 0.7). Accordingly,
Ap, Ar, and An_ reach their steady-state values faster in Mode 06. Note
also that the steady-state control deflections are zero in the coordinated

turn.

Mode 09 (Fig. 2-6), the last mode that is designed for 105 KIAS,
commands Af for a fuselage pointing capability. The second-order A
3.5 rad/sec and § = 0.7. The large extent of transient

response has wy
behavior in all the responses is a result of Af not being a state.
Rather, the control law is attempting to control the sum of Ay (not
shown) and AB.

The remainder of the modes illustrated are designed to operate at
75 KIAS. Figure 2-7 depicts Mode 00 operating at the slower airspeed.
The Dutch roll mode is longer. More adverse yaw and less roll damping

are evident in the response to a ASA input.

Because of the importance of bank angle during final approach, Modes
11 and 12 (Fig. 2-8) incorporate the command of A¢ rather than Ap. Mode
11 is quicker with w = 7 rad/sec, compared to w, = 3.5 rad/sec in Mode
12. Also, An_ is not nulled. Although both modes have a T = 1 second
for a AB command (causing an initial Any of 0.07 g per degree of 48),
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Mode 11 uses a time constant of 0.107 seconds for Ar, while T = 1 second
in Mode 12. Like all of the 75 KIAS modes, more control deflection
for the same amount of command is required than at 105 KIAS.

A coordinated turn is also included for use at 75 KIAS. Modes 16
and 17 (Fig. 2-9) are similar to Modes 11 and 12, respectively. Mode 16

has the quicker coordinated turn capability.

2.5 SAMPLING RATE

A final consideration in the control law development is the sampling
rate to be used for the digital implementation. The sampling interval, T,

is used in the computation of eq. 9 and all subsequent related equations.

In general, the sampling rate should be fast enough compared to the
aircraft dynamics so that the error remains tolerable between samples,
when the system is running open-loop. Also, the longer the sampling
interval, the longer, on the average, the time for the digital system to

sense a pilot command (called sampling delay). Because the control law

is a direct digital design, the high sampling rates that have been used

in the past to mimic analog systems are not necessary (Ref. 35).

A previous study (Ref. 24) concluded that 10 samples per second (sps)
is acceptable for rigid-body control. Reference 35 employed a 20 sps
rate in its direct digital design for a fighter aircraft. Past research
with the VRA (Ref. 1-2) used a sampling rate of 10 sps and found that

rates as low as 4 sps can be used, particularily during landing, when the ,

controls normally are more sluggish than in cruising flight. Though
response features remain largely unaffected, the use of low sampling
rates degrades handling qualities rating due to the sampling delay of the

pilot inputs.

With these results as a basis, a nominal sampling rate of 10 sps

was picked. For evaluation purposes, variations of Mode 16 were designed
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with sampling rates of 20 sps (Mode 18) and 4 sps (Mode 19). These time
responses, using newly calculated gains, are shown in Figure 2-9 (g-Xx).
As expected, less staircasing is apparent with the higher sampling rate
of Mode 18 and there is a slight decrease in the amount of transient
behavior. For example, the peak Ap transient during a 1 degree AB
command is -0.023 deg/sec at 4 sps, -0.004 deg/sec at 10 sps, and -0.001

deg/sec at 20 sps. However, this may be of no practical significance.

This chapter has presented a method of designing a digital command
augmentation system. Computer simulations of the closed-loop time

responses of a variety of modes, based on the ESD Matching control law,

have been presented. As the next step toward flight testing, the control

law must be effectively implemented on the microcomputer.
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Figure 2-4. (continued)
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3. MICROCOMPUTER IMPLEMENTATION

Once the digital control law for the CAS is developed, its logic
must be transformed to the microcomputer for subsequent use in flight
testing. The microcomputer used is a small digital computer with a
modular board design that contains a microprocessor--a CPU housed in
one chip. A Micro-DFCS was developed to implement the ESD Matching
control law of the previous chapter. Its purpose is to accept analog
information from the aircraft's sensors, and output analog signals
calculated by the control law to each aircraft control actuator a*
periodic instants in time. The structure of the Model 2 Micro-DFCS was
designed with flexibility in mind so that it could be used for other

microprocessor-based systems, including a redundant system.

3.1 FLIGHT CONTROL COMPUTER UNIT

To accomplish the flight control task, the digital computer must
have a variety of capabilities, including the following:
* A resettable timer to initiate the control law at precise
instants in time
Memory capacity to store the flight control program
Analog-to-digital (A/D) and digital-to-analog (D/A) conversions

Speed tu calculate the control law between sampling intervals

Interface with the pilot

The microcomputer is housed in a card cage unit which can hold up to
eight computer boards. Each board contains the hardware to perform a

specialized task. The boards used in this investigation are the following:

e Monolithic MSC 8004 Single Board Computer
e Intel iSBC 094 Battery RAM
e Intel iSBC 310 High-Speed Math

3-1

[PES ——- ot D0 L ARSI T e L LN e e K e o AR




o Intel iSBC 724 Analog Output
o Intel iSBC 732 Combination Analog I/0

The MSC 8004 board contains the Zilog Z-80A microprocessor, which
operates at 4MHz. The transfer of data between the MSC 8004 and the
remainder of the boards uses the MultibusTM. The user communicates
with the computer by means of a control display unit (CDU)--either a
console CRT terminal (when in the laboratory) or the Termiflex HT/4
hand-held CDU (when in the airplane).

The hardware layout of the Micro-DFCS, as used in flight testing,
is depicted in Figure 3-1. The iSBC 116 memory board shown in the
figure was not needed in the final system layout because the memory
capacity of the MSC 8004 was adequate. For a detailed explanation of

each piece of equipment, see Appendix C.
3.2 FLIGHT CONTROL PROGRAM (CAS-6)

This CAS-6 flight control program provides all of the microprocessor
logic necessary to control the lateral-directional dynamics (including
direct side force) of the VRA. CAS-6 includes the following routines:

Flight Control
o Executive
e Utility

As an overview, the execution priority at each sampling instant is

as follows:

1) Control law calculation

2) CDU input (on demand)

3) Memory check (every 5 seconds)

4) Wait state for remainder of sampling interval

3-2
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Figure 3-1. Model 2 Micro-DFCS Configuration.
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A table of contents for CAS-6 appears in Table 3-1, along with the

amount of memory devoted to each subroutine. The entire program is

contained in about 6K (6144) bytes of memory. Figure 3-2 depicts the
steps which the program logic must perform in order to execute the

control law in the Micro-DFCS.

3.2-1 Flight Control Routine

The Flight Control Routine is the section of CAS-6 which is directly
involved in the control law calculation. This calculation occurs only
at each discrete sampling point (or interrupt), nominally occurring every
100 milliseconds. The Flight Control Routine is divided into subroutines
that set up the control law for use and those that actually are serviced

for the computation.

The set-up subroutines initialize the Micro-DFCS before the first

control law calculation is performed. Specifically, a set-up routine,

Displays the mode number selected

Moves the gains and controller-to-command conversions

Sets the interrupt branch.

Initializes nominal values and stores them in a floating
point format

The mode number chosen by, and then displayed to, the pilot corre-
sponds to the model that the VRA is to follow. The various modes can

differ in any of the following ways:

e Command vector I

® Airspeed

¢ Transient response ;

e Controller-to-command pairings |

e Sampling rate ;
{
|
i
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Table 3-1. CAS-6 Table of Contents

EXECUTIVE ROUTINE

1.1

1.2 CDU Interface and Command Recognition

1.3

Initialization

Memory Check

UTILITY ROUTINE

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23

Analog-to-Digital Conversion

Entry Error

Blink

Clear Line

Console Input

Console Output
Count-up Display
Delay

Decimal-to-Hex Conversion
Erase Memory

Math Error

Hex Input
Hex-to-Decimal Conversion
Numeric Input
Interrupt Count

Limit Analog Output
Math Unit Driver

Mode Change

Move 4 Words
Resolution

Set Delay

Serial Output
Calibrated Step Input

3-5

G T

Memory Bytes

(433)

(2412)

169
141
123

19
52
25
24
12
11
59
91
25

8
97

236
61
59
20
46
47

142
13

126

203
13

283
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Table 3-1. CAS-6 Table of Contents (contd)

Memory Bytes

2.24 Strip Output
2.25 Timer
2.26 Move 4 Words (with Wait)
2.27 States and Commands Input
2.28 States Interpreted
2.29 Commands Interpreted
2.30 Signal Output
FLIGHT CONTROL ROUTINE (3288)
3.1 Direct Mode Set-Up
3.2 Yaw Rate, Sideslip, Roll Rate Set-Up (Modes 01-04)
3.3 Yaw Rate, Sideslip, Coordinated Turn Set-Up
(Modes 06-08)
3.4 Flight Angle, Sideslip, Roll Rate Set-Up (Mode 09)
3.5 Yaw Rate, Sideslip, Roll Angle Set-Up at 75 kts
(Modes 11-12)
3.6 Yaw Rate, Sideslip, Coordinated Turn Set-Up at
75 kts (Modes 16-19)
3.7 Direct Mode Service Routine
3.8 Yaw Rate, Sideslip, Roll Rate/Angle Service Routine
3.9 Flight Angle, Sideslip, Roll Rate Service Routine
3.10 Gains, Messages, Constants
Total
3-6

18
116
48
57
245
184
72

96
223

61
54

28

120
220
1114
183
1189

6133
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Figure 3-2. Flow Diagram of Control Law Implementation.
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Depending on the mode selected, certain ESD gains and controller-to-
command conversions are moved to the location where the service routine
will use them. Controller-to-command conversions scale the voltage sent
by the cockpit manipulators to the corresponding units of command motion.
All of the A/D and D/A conversion factors used for CAS-6 are found in
Appendix D. The controller-to-command conversions are computed using

the relation,

Maximum amount of command variable available on the VRA (52)

.5 x (Volts produced by full deflection of manipulator)

For example, from the steady-state analysis in section 2.3-2, 13.4 deg
of sideslip can be achieved by the VRA in Mode 01. Because the thumb
controller produces 2.88 volts from full-right to full-left throw, the

thumb-to-sideslip conversion is,

13.4
————— = 9,306 deg/volt
.5 x 2.88

In addition, the appropriate service subroutine is set up for use
at each sampling instant by having its starting address written at the

software interrupt location in the system monitor.

The final action that each set-up subroutine takes is to sample the
four states and three pilot commands. These are used as the nominal
values in the calculation of perturbations in the control law. Further-
more, these valﬁés are converted from the 12-bit format of the A/D con-
version to a 32-bit floating-point representation for later us= by the

math unit.
The remaining section of the Flight Control Routine consists of the

service subroutines which are executed on each timed interrupt. The

function of each is to,
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Input and convert the states and commands

Calculate the required control deflections by ESD Matching
Output the appropriate signals to the control actuators
Increment the interrupt count

Blink a light in the cockpit

CAS-6 employs two such service subroutines--one for the fourth-
order dynamic system and the other for the fifth-order system. The
fifth-order subroutine. used only when the command vector includes
horizontal flight path angle, jumps to the fourth-order subroutine for

completion of the control law calculation.

Each service routine first receives the voltages corresponding
to the four states and three commands and converts them to the proper
units and format for use in the control law. The subroutine then calcu-
lates the surface deflections required at that particular sampling instant
using the ESD control law of eq. 33. The calculation of rudder.perturba-

tion, ASR, employs the top row of the equation, ASSF the middie row, and
ASA the bottom row.

The control calculations use floating-point arithmetic with units

of degrees, while the control surfaces are driven by an analog voltage,

so some conversions are necessary. First, the controls are scaled to
units of volts by the D/A conversion factors. Then the main unit converts
the digital values to a fixed-point format for the D/A board. The voltage
output of the D/A board is sent immediately upon completion of each calcu-
lation and conversion. In other words, at each sampling point, the rudder
_signal is transmitted before either of the other two surface deflections

is calculated.

After all three control signals have been sent, the service sub-
routine increments by one the interrupt count for use by the Executive
and Utility Routines. The subroutine also enables an output port on the
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8004 board to be tnurned on-and-off every 10 sampling periods. This is
designed to flash a light in the cockpit to let the pilot know that the
service subroutine is being entered on every interrupt. In addition to
the Flight Control Routine, CAS-6 contains the Executive and the Utility

Routine.

3.2-2 Executive Routine

The Executive Routine serves as the overall coordinator of CAS-6, and

it.consists of the following subroutines:

e Initialization
e CDU interface/command recognition

e Memory check

The initialization subroutine is executed at the start of CAS-6 to
enable interface with the Micro-DFCS. When the program is accessed, some

of the hardware elements must be initialized, including the following:

Interrupt Controller
Stack Pointer

Timers

Universal Synchronous/Asynchronous Receive/Transmit (USART) Unit
Math Board

°
[ ]
°
e I/) Ports
®
°
e A/D and D/A boards

The interrupt controller is designed so that the timer interrupt which
occurs at each sampling instant possesses the third highest priority. This

facilitates the use of higher priority interrupts should CAS-6 be modified

for a redundant flight control system. The stack pointer must be initialized

to a location that, when data is stored or removed from the stack, will not

interfere with the execution steps of the program.
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Two timers are used in CAS-6 to provide sampling rates of 4, 10, and
20 sps. One timer employs software to run ten times slower than the
clock rate of 1 MHz. This, in conjunction with the second timer, provides
a sensible range of sampling rates. The second timer, also software
controlled, initially allows for the nominal sampling rate of 10 sps.
An 1/0 port, whose bits are used in the service subroutines for execution
timing checks and blinking the cockpit light, is initialized as an output
port with zero volts. Next, the USART unit is set up to allow for the
serial, asynchronous data transmission between the CDU (i.e. the user)
and the CPU (i.e. the computer). In addition, the initialization sub-
routine defines the memory location where the math unit and analog

conversion boards will be accessed.

At any time during program operation, the user may reinitialize
CAS-6 to its original configuration. This part of the initialization

subroutine performs the following:

Displays initialization message
Stores count-up address at interrupt location
Clears flags, counters, etc.

Initializes resolution mask

Sends zero volts to all controls

The one-line initialization message lets the user know that the
initialization subroutine has been entered. The count-up subroutine
address is stored at the timer interrupt location so that a sequence of
integers from one through ten will appear on the CDU--one each sampling
instant--thus verifying the proper initialization of the timers and inter-
rupt. The initialization subroutine then clears the memory locations
which store the flags, counters, step voltage biases, and control law
gains to ensure that a subsequent mode selection has a fresh start. The
resolution mask is initialized to allow for the nominal resolution of 12
bits for the Micro-DFCS output signals. Finally, all six VRA controls--

elevator, flaps, throttle, rudder, side force panels, and ailerons--are

3-11




sent zero volts by this subroutine. This ensures that the fly-by-wire

(FBW) system will engage smoothly.

The next subroutine in the Executive Routine provides the interface
between the CDU and Micro-DFCS, so that the user's commands can be inter-
preted. The user can select a variety of alternatives by depressing a
single key on the CDU. The following options are presently defined in

CAS-6 (with the select letter in parentheses):

® Break to system monitor (B)--jumps out of program and returns
the user to the system monitor

o Delay parameters set (D)--allows for delay of sending of
output signals

e Halt (H)--halts CPU
e Initialize (i,--enables fresh start of program

Mode ckange (M)--allows for the selection of one of the
defined modes

® Resnlution change (R)--allows for the change in output
resolution

e Step input (S)--allows for a voltage bias on any of the
state or command variable inputs

e Timer change (T)--allows for a variation in sampling rate
by changing the timer frequency

More on the aforementioned options can be. found in the Utility Routine

discussion.

A memory check feature is also located in the Executive Routine.
Every five seconds, this subroutine adds the contents of the memory loca-
tions where CAS-6 resides. If the sum changes during execution, the
message, "'CKSUM ERROR", is displayed while the program is allowed to
continue. This memory check feature notifies the pilot of any software
alteration and may alsc be useful in a redundant computer system where

the proper operation of each computer needs to be verified.
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3.2-3 Utility Routine

The Utility Routine comprises the remainder of the CAS-6 program.
This routine contains those generalized subroutinzs which the Executive
and Flight Control Routines often use and which can be adopted in other
microprocessor-based work. All of the subroutines in the Utility Routine
are listed in Table 3-1; some have been previously described, so an enumer-
ation of them will not be done here. Suffice it to say that the sub-

routines are used for such things as,

Cbu 1/0

A/D conversions

D/A conversions that limit the output to * 10 volts
Math operations

Moving and erasing memory

State and command variable interpretation

In addition, the Utility Routine contains those subroutines necessary
for implementation of some of the user-selectable options mentioned in

the Executive Routine discussion. Specifically, those subroutines are,

Set delay/delay output
Mode change
Resolution change/strip output

Step input

Timer change

The subroutines which set the delay option and then delay the signal
output are available only in the Direct Mode. The delay feature is useful
for testing the effects of delays--computation, sampling, etc,--between
the pilot command and the associated output to the control surface. The
set delay subroutine allows the user to delay the output signal to any or

all of the three controls.
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The mode change subroutine gives the user the choice of any of the
defined modes in CAS-6. Presently, Modes 00-07,09,11,12, and 16-19 are
available. After the two-digit mode number is entered, a jump is

performed to the corresponding set-up routine.

With the resolution change and strip output subroutines, the user
may change the resolution of the Micro-DFCS output signal. The user
initiates a resolution change by entering a two-digit decimal integer,
not greater than twelve. Then, each time the required control outputs
are calculated, they are stripped to the desired number of bits and

adjusted for the associated bias.

The step input feature in the Utility Routine provides the pilot
with the means of adding a calibrated step in voltage to any of the four
states or three commands. This provides the capability in testing to
input precise commands--as opposed to using the cockpit manipulators--
to the Micro-DFCS. The desired input is selected by first entering the
two-digit multiplexer channel for the variable, and then the voltage.

A carriage return initiates the step, and it is terminated by depressing
any CDU key. Changing modes with the mode change option clears all

step biases in the system.

The last user-selectable subroutine in the Util’ty Routine allows
for the variation in sampling rate. A timer change places the four-digit
hexadecimal entry into the second timer counter to provide sampling rates
from nearly continuous to as low as 1.5 sps. This subroutine must be
used before Mode 18 (20 sps) and Mode 19 (4 sps) are implemented.

After the entire program is written in Assembly Language, Princeton
University's IBM 3033 computer generates the corresponding hexadecimal
machine code. This code then can be directly loaded into the micro-
computer by the 3033. CAS-6 is too lengthy to list here; the program is
available at the Flight Research Laboratory (FRL). As an example of an




Assembly Language program written for the microcomputer, Appendix B shows
the program that is used to add the hexadecimal contents of CAS-6 for

use in the memory check subroutine.

3.3 DESIGN CONSIDERATIONS

Although the Z-80A microprocessor is fast--a minimum instruction time
of 1.25 usec--additional computational savings can be achieved. CAS-6
includes some features designed to reduce the time between the sampling

instant and the output signal to the VRA's control actuators.

The service routines are coded specifically to the task. This means
that the calling of subroutines is kept to a minimum, and those sub-
routines called are specific to the operation. For example, the closed-
loop service routines perform all of the instructions necessary to initiate
a math operation and retrieve the resuit. In this manner, while the math
unit is busy, the bytes for the next math operations can be readied for
transfer. Also, the ESD gains calculated for each mode are coded in
floating-point format, thereby eliminating the time that the math umit
would take during program execution to convert the gains. Further-
more, by having all of CAS-6 located in memory on-board the MSC 8004, a
further time savings is realized, since the data are not put on the bus
for use by the CPU. An example of this type of savings is illustrated by
the execution of a software timing loop used to generate a 50 msec pulse.
(Table 3-2)

As a result of these time-saving designs, the CAS-6 closed-loop
service routines use only 20 msec of the sampling interval. Each of the
three control calculations is 5 msec long, while the remaining 5 msec is
used to input and convert the state and command signals. The direct mode
service subroutine, which uses more generalized subroutines but a much
lesser number of calculations than the ESD service routines, takes 9 msec

to complete.
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Table 3-2. Computation Time Savings of

On-Board Memory

Test Condition Program Time (msec)
on-board RAM 50
on-board PROM 50
off-board RAM 79
off-board battery RAM 86

(Tests conducted with 4 Miz Z-80A during the timing
loop used to generate 50 msec pulse for the PROM

programmer. )

Though CAS-6 performs the control law calculation swiftly enough
for accurate tracking, future Micro-DFCS designs could decrease the
computational time even more. The Am 9511 Arithmetic Processing Unit
(APU) located on the 8004 board performs math operations twice as fast,
on the average, as the iSBC 310 math unit. The APU also has additional
time-saving benefits because it avoids the access time associated with
the data bus. However, the APU was not used because its proper operation
had not been sufficiently verified at the time of the CAS-6 design.
Also, new software was required for the calculation of gains in the
chip's floating-point format (which is different from the iSBC 310's
floating-point format).

Another possible method to reduce computational time is to pre-
compute the ESD gains taking into account the VRA's sensor input and
control output conversion factors. For example, the pilot's controls,

Azp, are related to his desired commands,Ay, by,

Y
Kl 0 0
Y
| o Kk o Ay (53)
0o 0 K;.’)
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where K§1 , for instance, is the 'gearing" between the pedals and one of
the command variables, Ayl. If this relationship is included in the ESD
control law gains, a conversion step in the program would be eliminated.
The time-savings associated with this technique may be offset by the in-
crease in complexity and decrease in software flexibility (for example,

when a conversion value is in error or needs to otherwise be adjusted).
3.4 HYBRID SIMULATION

In order to verify the Micro-DFCS design, a hybrid simulation was
conducted prior to flight testing. This ground simulation consisted of
the microcomputer interfaced by trunk lines with the EAI TR-48 analog
computer. The analog computer provided the VRA's lateral-directional
dynamics. (See Fig. 3-3 for the analog diagram and Table 3-3 for the corre-
sponding potentiometer settings.) The objective of the simulation was to
analyze the Micro-DFCS in an environment similar to that of the flight
test, so as to reduce the cost, time, and risk of flying a novel system.
One thing that is done, therefore, is to include the conversion voltages
of the aircraft's motion sensors and control sunfaces on the analog board.
As a result, CAS-6 can be interfaced with the analog computer without any

software modification.

During the simulation, the states and controls of the analog computer
are sent to a six-channel strip chart recorder. Figures 3-4 to 3-10 show the
verification of the control modes to be flight tested. The time responses
from the hybrid simulation should differ only slightly from those of the
digital computer simulation (Fig. 2-3 to 2-9) for the following reasons:

System noise
Digital Resolution
Computation delay

Continuous-time integration of states

Zero-order hold (staircasing) of controls

3-17
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Table 3-3. Analog Potentiometer Settings

SETTING
POT PARAMETER/SCALING 105 kts 75 kts
00 LGA/IOO .210 .154
01 -LP/IO .650 .460
02 ~LB/100 .115 .061
03 Lr/10 .116 .160
05 -NGR/IO 610 412
07 NB/IO .530 .299
08 -Nr .750 .685
10 —YS/VO .400 .416
11 g/V, .181 .254
12 -Nga .222 .109(x10)
13 LGR/IO .060 ,039
15 [(Vo/g)x(rad/deg)]xlo .962 : .687
18 (rad/deg)x10 175 .175
20 -Np 260 .199
31 {-1/SFCON)/10 . 349 .349
32 NGSF/lo .210 114
33 YGSF/VO .380 .250
35 6S ? ?
36 YGR/VO .094 .047
41 P ? ?
45 1/RRCON .224 224
46 -1/YRCON 272 272
47 1/SSCON 171 .171
48 1/YACON ? ?
50 {-1/RACON)x10 .832 .832
51 8T ? ?
52 (1/ALCON)/10 .195 .195
53 (1/RDCON)/ 10 .191 191
* (? - Signifies variable or undetermined value)
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Noise is apparent in the plots of the A¢, ASSF, and ASA traces,
thereby affecting the efficiency of the control law. This noise was
attributed to the 60-Hz noise on the trunk lines and should not be

present during flight testing.

Some other discrepancies in the hybrid simulation verification were
noted. When the Ar command is returned to zero in Modes 01, 05, 06
and 07 (Fig. 3-5 and 3-6) the ASSF is not quite properly nulled. Addi-
tionally, the initial ASSF to AB command in Modes 02, 05, and 07
(Fig. 3-5 and 3-6) is less than expected. Both of these types of dis-
crepancies have no noticeable effect on the output. For some reason
the steady-state Ar is not zero when Ap is commanded in Mode 05 (Fig.
3-5¢). In Mode 06 (Fig. 3-6a), Ar is less than the proper coordinating
value of 0.181 deg/sec; thus the steady-state controls are nonzero.
At 75 KIAS, all of the associated closed-loop modes (Fig. 3-8 to 3-10)
show a Ar that is improperly excited by a A8 command and all three controls

are deflected less than the correct amount.

Because of the undesirable discrepencies noted, a comprehensive
check of the analog computer configuration and optimal gains was accom-
plished, but nothing unusual was uncovered. Much later it was discovered
that the open-loop response of the analog computer model of the VRA at
75 KIAS to 1 deg ASA input was unquestionably too large in state magnitude.
This could have caused the difficulties of the modes at 75 KIAS during the
hybrid simulation, yet the control law would still work properly on the
VRA in actual flight.

The hybrid simulation plots point out some interesting features. The
controls do not return to zero when the Ap step command is zeroed in Modes
01 and 02 (Fig. 3-5) because AB is not properly nulled in these singular
equilibrium examples. Af is traced in Mode 09 (Fig. 3-7) to illustrate
that the fuselage pointing mode results when AR is commanded, and that
the foot pedals will simply command a change in heading. At 4 sps,
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Mode 19 (Fig. 3-10d) graphically shows the resolution and zero-order
hold of the controls, yet the states are not perceptibly degraded.
Finally, lateral acceleration (not shown) was monitored on the analog
computer to verify that the coordinated turn modes (Modes 06, 07, and

16-19) were properly nulling this acceleration.

With the hybrid simulations completed, the modes were ready to

be evaluated in flight.
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4. FLIGHT TESTING

Flight testing the Micro-DFCS was the logical concluding phase
of this digital CAS investigation. The purpose of the testing was to
verify the ground results and to predict their utility for civilian
and military aircraft. The worthiness of the control modes available
with direct side force and the effects of a digital flight control

system were to be determined.

4.1 MICRO-DFCS SET-UP

The laboratory configuration of the Micro-DFCS was slightly modified
for use in the VRA. The microcomputer boards were housed in a RF-shielded,

shock-mounted box which required connections for the following:

Power supply

Analog inputs and outputs

Cbu

Cockpit light and CPU halt/reset

Unlike its ground counterpart, the flight control computer unit (FCCU)
had no self-contained power source. Instead, the aircraft supplied %5,
+12, and +28 volts to power the boards and the unit's cooling fan. A
25-pin connector was used for the analog inputs from the aircraft’s motion
sensors and cockpit manipulators and for the analog outputs to the control
surface actuators. The handheld CDU used a 9-pin connector to enable
serial transmission of data between the microcomputer and the pilot. The
fourth connector to the FCCU allowed the 20-milliamp light on the instru-
ment panel to be flashed; it also allowed the safety pilot to halt or
reset the éPU during flight without using the CDU.

4-1
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Another consideration before flight testing involved the storage
of memory. The machine code for CAS-6 had to be retained during the
time between the removal of the computer boards from the ground unit and

the application of aircraft power to the FCCU. Therefore, erasable pro-

grammable read-only memory (EPROM) and battery-powered random access memory

(RAM) were used to store CAS-6. Two 2K EPROM's contained most of the
CAS-6 program, while the battery RAM stored the remainder of the

program, including conversion factors which were subject to change during
the course of testing. After the FCCU gained power, the program was
moved from PROM and battery RAM to RAM locations on the 8004 board so

that the execution time advantage of on-board memory could be obtained.

As a final precursor to flight testing, a ground check of the Micro-
DFCS was performed in the FRL hangar. The direct mode worked properly
with the correct magnitude and direction of control surface deflection.
Even though the feedback sensors remained motionless, the check confirmed
the proper initial surface deflections for the closed-loop modes. One
disturbing characteristic was noted: a small amount of chatter existed
in the side force panels and rudder while the system was engaged with wo
command inputs. Time did not permit the installation of the VRA's heading
gyro, so the fifth-order fuselage pointing mode was not tested in flight.

4.2 EVALUATION METHODS

The Micro-DFCS was evaluated in flight by two methods:

o Telemetry records of VRA response

e Pilot opinion

Time response data was telemetered from the VRA to the FRL ground
station receiver (Fig. 4-1). The system operates under crystal control

at 1458.5 HHz in the FM mode. Up to 42 channels, each sampled at 20 sps,

can be received by the FRL telemetry system. The signals are demultiplexed
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five channels at a time, buffered by the analog computer, and then recorded
on the strip chart machine. Signal calibrations used on the analog
computer are included in Appendix D. Augmenting the telemetry system is

a Honeywell seven-channel tape recorder that can be used for playing

back telemetry data for additional strip chart recording after the flight.

The telemetry data was intended to verify the previous time responses
obtained in the ground simulations. The calibrated step input subroutine

of CAS-6 was used to generate precise command inputs for this purpose.

Pilot opinion represented the other method of evaluating the modes
in flight. Two pilots from Princeton University's technical staff evalu-
ated the CAS-6 control modes. Both possessed an MSE degree in aeronautical
engineering and have had major responsibilities throughout the history of
the variable-stability program at the University. Pilot A, with over
5000 flying hours in a variety of military and civilian aircraft, was the
chief test pilot, while Pilot B served chiefly as the engineering test
pilot. (See Appendix A for a description of VRA/pilot interfaces.)

The pilots evaluated the advanced modes using the Cooper-Harper Scale
(Ref. 36), which is reproduced as Fig. 4-2. This is the definitive
handling qualities rating used in flight testing throughout the world.

The pilots also provided subjective comments and suggestions for mode

improvement.
4.3 FLIGHT TESTS

Flight tests were performed in the VRA at the Princeton University
Forrestal Campus airfield. Initial tests showed the need for revamping

the models .used for ESD model following. New modes were then developed,

verified, and subsequently flight tested.
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4.3-1 Initial Flights

Initially tested were the modes developed in Chapters 2 and 3.
All modes flight tested were performed in a similar manner. The safety
pilot obtained the proper airspeed in straight-and-level flight. He
then entered the mode number to be evaluated in the CDU, and when the
carriage return was depressed, the mode was engaged. The evaluation
pilot then had control of the aircraft through the FBW controls until
the mode was disengaged, normally by another CDU input.

Because of familiarity with CAS-6, this writer was allowed to evaluate
the modes in flight first, to determine if they were working properly.
Every mode was given a quick check by selecting each of the command
variables in succession. The directional modes worked well in a basic
sense--full deflection of the pilot's manipulators commanded the maximum
amount of VRA motion available without stalling the side force panels.

The response to a B command was too abrupt: in the transient, an excessive
amount of lateral acceleration resulted in order to achieve the snappy
sidestep maneuver. In the first test it also was noticed that the lateral
modes were seriously deficient. After the flight it was discovered that
the roll rate gyro had been mounted backwards in the VRA!

On the next flight, Pilot B evaluated CAS-6. He also noted the de-
grading effect of the lateral acceleration during the sidestep maneuver.
More importantly, after continually seeing the sloppy heading control of
the modes and the erratic and inconsistent response to the same input,
Pilot B realized that the closed-loop aircraft possessed no directional
{(weathercock) stability. That is, all of the models used in the ESD
Matching control law had an NB of zero. This explained the divergent
heading tendencies of the VRA with the Micro-DFCS engaged when disturbances
were inclu&ed. The net result of the sloppy VRA response characteristics
was that new models had to be developed to include the critical N8

term before further meaningful flight tests could be conducted.
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4.3-2 New Command Modes

As a result of the first two flight tests, it was apparent that the
new ESD models to be followed by the VRA must include a stabilizing (i.e.,
positive) NB term. The weathercock stability of each model was selected
to be nominally equal to the unaugmented VRA's NB (5.3 at 105 KIAS and
3.0 at 75 KIAS). This addition to the model's F matrix introduced a
transient coupling effect between the yaw rate and sideslip commands. As
had been accomplished with the original models, computer simulations of
the newly developed models were generated. Among other things, the degree
of transient coupling between command variables was analyzed to ensure a
tolerable level. See Table 4-1 for all the new modes devised and Fig.

4-3 to 4-6 for the associated digital computer simulations.

Mode 1 (Fig. 4-3a) has a Ar command response with a T & 0.1 sec
with a peak AB transient of about 0.07 deg after .2 sec. Notice that Any
is about 0.97 g per degree of Ar. For a 1 deg AR command (T = 0.5 sec)
the initial Any is 0.18 g and ASSF is 4.4 deg. Additionally, a transient
Ar exists, peaking out after 0.2 sec at -.34 deg/sec. This produces a
steady-state heading deviation opposite to the direction of the lateral
translation. The F,, contains no '"g/V" term, so the uncommanded transients

M
die out with a Ap command.

Mode 02 (Fig. 4-3d-f) possesses similar transient coupling. Because
of the speed reduction of the AR command (YB/V = -1), the initial Any is
0.10 g and ASSF is 2.3 deg, but a maximum Ar transient of -.39 deg/sec
occurs. When Ap is commanded, Ar and AB do not remain nulled because the

Auasi-steady control law was not used. No responses are presented of Modes

03 and 04. They have the same time histories as Mode 02--only the controller-

to-command pairings vary.

Figure 4-4(a-c) shows Mode 06 with a coordinated turn capability. The

Ar response is now slower (T = 0.2 sec), and because Yr/V =1 in FM
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(decoupling AR from Ar), no A8 transient occurs. However, Ar coupling
still exists with a A8 command (Ar = -0.58 at 0.3 sec). The 1 deg A¢
command response, with w, = 0.5 rad/sec and { = 0.7, reduces lateral

acceleration to within 0.001 g in 0.7 sec.

Modes 11, 16, 18, and 19 were designed to operate at 75 KIAS. The
Mode 11 Ar command (Fig. 4-5a) has a 5 percent overshoot and a T= 0.2
sec. The AR transient reaches a maximum of 0.13 deg after 0.3 sec, but
it is nulled in the steady-state (about 0.3 sec). When a 1 deg AB is
commanded (Fig. 4-5b), Any is initially 0.07 g, ASSF is initially 3.5
deg, and Ar reaches -0.37 deg/sec at 0.3 sec before being eliminated.

Mode 16 possesses identical Ar and AR responses as Mode 11, so only
the coordinated turn capability is presented in Figure 4-6a. The turn
is coordinated (Any less than 0.001 g per degree of A¢ commanded) in

1.5 sec.

Modes 18 and 19 replicate Mode 16 at different sampling rates. Their
characteristics are analogous to the original modes, so no time histories
are presented. Modes 07, 08 and 17 were developed after still more flight
testing and will be described a little later.

Figure 4-7 shows the command of roll rate in Mode 02 using the quasi-
steady equilibrium control law equation (eq. 44). Although not tested in
flight, the example illustrates how the modified equation practically
negates any steady-state yaw rate or sideslip. For the example, CB is as

before and,

-

-.21 1.36 -.028 -.15
CF = 12.50 2.27 -.014} , CI =] -.43 (54,55)
"1 .0071 .0041 .31 -.0009
4-10
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The newly selected modes had to be verified in a hybrid simulation
prior to flight testing. The flexibility of the Micro-DFCS was displayed
by the fact that only the small amount nf CAS-6 coding devoted to the
control law gains needed to be altered to incorporate the model changes.
The strip chart recordings from the hybrid simulation are included in
Figure 4-8. The responses are very similar to those of the digital
computer simulation. The high frequency noise apparent during the pre-

vious hybrid test has vanished.

The only anomaly noticed in the hybrid simulation occured with the
75 KIAS modes (Fig. 4-5f-j). When Ar is commanded,a steady-state AB of
about 0.4 deg persists. The traces show a steady-state ASSF of about
4.4 deg compared to 3.76 deg predicted earlier by the equilibrium analysis.
Again, this matter may be attributed to the improper analog computer con-
figuration for the VRA at 75 KIAS. The remaining flight tests were devoted

to testing these new modes.

4.3-3 Subsequent Flights

Nine more flight tests, most lasting from one hour to one-and-three
quarters hours, were conducted to analyze the new modes containing a stabi-
lizing NB term. Only once did a problem occur which may be attributed to
the interface of the Micro-~-DFCS with the VRA. In this instance, some
memory was altered after initialization, apparently by the engagement of
one of the aircraft's systems (probably the telemetry transmitter). Al-
though the modes could still be entered through the CDU, the '"CKSUM ERROR"
message was displayed every five seconds. A brief period of flight testing
confirmed the alteration of a part of CAS-6. A precaution was subsequently

taken to make certain that no aircraft equipment was switched on or ‘off while
the Mici¢-UFCS was engaged, and the memory destruction problem was alleviated.

The newly developed modes underwent two phases of flight testing. The
pilots first tested each mode by commanding step inputs to ensure adequate
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b) Mode 01: ABc = 1 deg

Digital Computer Simulations of New (r, 8, p) Modes.
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performance; then an associated task was introduced. As a result of the
inclusion of weathercock stability, the new modes performed much better
than the previcus ones did. The modes tracked consistently, in a manner
similar to that predicted by the ground tests. The responses to calibrated
step cockpit control inputs of some modes in flight are shown in Figure 4-9.
Poor telemetry transmission detracted from recording quality and prevented

the documentation of all the modes.

The traces resulting from the flight tests were expected to differ
from those generated in the hybrid simulation because of the inclusion of

the following new factors:

Actual VRA nonlinear dynamics
Control actuators

Turbulence

Signal noise

Sensor accuracy and scaling
System filters

Sampling delay of pilot input

Telemetry Scaling

Only five variables could be displayed on the strip chart at a time, so
ASA, which usually has the smallest deflection of any of the controls, is

rarely plotted.

Figure 4-9 contains the VRA open-loop response at 105 KIAS, which is
similar to that predicted by the linear dynamics of Chapter 2. The response
to a 5 deg ASA input shows the adverse yaw of the VRA, although the Ap
trace is degraded after the proper initial response. This degradation,
which prohibited plots for a Ap command in Modes 01 and 02, is caused by

telemetry interference when the VRA wing is banked sufficiently far enough.

The AR command of Mode 01 (Fig. 4-9b) illustrates the effect of actuator
dynamics during flight. The initial ASSF is only 10 deg compared to the
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theorectical deflection of 22 deg, but this difference does not appear to
degrade the response variables. A marginal telemetry signal during the
flat turn causes the zero reference line of the Ap and ASSF plots to
gradually decline. An anomaly occurs during the flat turn of Mode 02

(Fig. 4-9c¢) in that Ap does not remain zero.

In Mode 06 (Fig. 4-9d), the initial reversal of ASR is graphically
depicted during the command of Ar. The control deflections are larger
than predicted to a 4-deg AB command. During the coordinated turn an over-
shoot in Ar (about 60%) and A¢ (about 15%) is shown, and Ar is proportional

to A¢ to allow for the coordination.

Mode 07 (Fig. 4-9d) is also designed to have a coordinated turn
capability; however, for some reason, the response to a 20 degree A command
shows steady-state control deflections equal to that expected for a simple

r¢ 1 angle mode. Thus the turn is not coordinated.

In all the step inputs of Mode 08 (Fig. 4-9e), the ASSF response is
predictable, save for the fact that the zero reference line continually
decreases. The erratic behavior of AR in this mode (when it should be zero),
as is the case in many of the other modes flight tested, may be due to the

turbulence response of the sideslip vanes.

Finally, Figure 4-9f depicts Mode 11 at 75 KIAS. The time constants
of the command responses appear to be similar to those determined during

ground simulation.
Overall, when considering the capricious nature of the telemetry
system, the plots of the modes flight tested agree in most aspects with

those predicted in the groﬁnd evaluations.

The major complaints of the two pilots concerned the overly sensitive

lateral translation response to thumb lever command, and annoying 'kicks",
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or chatter, of the rudder and side force panels during the Micro-DFCS opera-
tion. One result obtained was that the pilots thought that any more than
about 0.5 g (the maximum achievable by the VRA at 105 KIAS) during the flat

turn would be disconcerting and would degrade pilot performance.

The annoying control surface kicks, appearing in both the ground check
and the flight tests, indicated the presence of an intolerable amount of
signal noise. One way to reduce system noise is to diminish the feedback
gains of the control law. The magnitude of the gains can be thought of as
directly related to the difference between the closed-loop and basic VRA
stability derivatives. By using the ESD matching technique, one has a
direct effect on the system gains. Additional models were devised which
contained stability terms closer in value to the VRA's. Aay performance
degradation embodied by these new modes was thought to be outweighted by
the improvement in control behavior--especially considering that the original

modes probably were overly responsive.

By glancing at Table 4-1, one can see the reduction of the control gains
in Mode 08 compared to any of the other 105-knot modes. As an example,
consider the large gains (those with a magnitude greater than one) of Mode
06: notice that they occur in the calculation of rudder and side force
deflection. They are reduced in Mode 08 anywhere from 46 to 88 percent. In the
process, though, one new large gain appears in Mode 08. The apparent improve-
ment in Mode 08 is a result of the general reduction of model stability values
(especially "YB/V") to more closely resemble the VRA's. These additional new
modes developed, Modes 07 and 08 at 105 KIAS, and Mode 17 at 75 KIAS,
illustrated slower command response, decreased damping, and an increase in

transient coupling.
In order to more effectively analyze the advanced control modes in

flight, certain basic tasks were introduced. The first task-oriented pru-
file involved three phases of flight:
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1) 180-degree turn from downwind to final approach
2) Final approach
3) Maintaining runway centerline during low approach

Each phase could be accomplished predominately with a single maneuver:
a coordinated banked turn, followed by small flat-turn heading changes for
alignment on final approach, and then a lateral translation to maintain the
centerlire. The approach employed a Navy portable mirror which is used for
field carrier landing practice. The pilots determined during practice runs
that the flat turn was impractical for accomplishing the 180-deg turn to
final due to the inherent lateral g of the maneuver. In addition, the bank
of a conventional final turn aids the pilot in visually acquiring the
approach environment. As for the final approach, the sidestep capability
was of limited value until very near the runway threshold because of the
apparent reduced effect of the maneuver at a distance from the runway. It
was significant, however, for eliminating lateral ground speed during a

crosswind condition--either actual, or simulated by the VRA's analcg system.

For the profile, the Micro-DFCS was engaged on the downwind leg at
105 KIAS and an approach power setting. Little trim change is necessary
during the approach, so the modes designed at 105 KIAS could be used for
the tests with little degradation. Each pilot was ahle to evaluate several
modes with this task-oriented profile. Their Cooper-Harper ratings and
comments are inciuded in Table 4-2. Overall, the closed-~loop modes do not
compare very favorably with the baseline direct mode. Pilot B's ratings
are slightly higher than Pilot A's. Of the closed-loop modes tested,
Pilot A favored Mode 08 for the turn (rating of 3), Modes 02, 07, and 08
for the approach (rating of 3.5), and Mode 02 for maintaining centerline
(rating of 3). Of the modes evaluated by Pilot B, Mode 06 was preferred for
the turn (rating of 2.5), Mode 07 for the approach (rating of 2.5), and

several modes for maintaining centerline (rating of 3).

Pilot A found some of the flat turn responses too quick. Pilot B did
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Table 4~2. Pilot Ratings of Landing Approach Task

Pilot A

TURN TO FINAL MAINTAIN
RUNWAY
MODE FINAL APPROACH CENTERLINE COMMENTS
00 2.5 3 3 0K, normal; nominal
2.5 3 2.5

02 4.5 3.5 3 rudder a bit sensitive; ST OK;
roll mode odd --can compensate
with rudder, but tough

02 5 3.5 3.5 sensitve rudder for aligning ball,
not likeable on final; sidestep
dandy but a bit sensitve

07 5 3.5 3.5 roll attitude control no advan-
tage on turn, 0K on final; rudder
steer still sensitive; sidestep
0K

07 S 4 3.5 not rudder sensitive but just a
requirement for coordination of
ball; wings level turn OK but no
great shakes; sidestep handy

08 3 3.5 4 nice coordinated turn; rudder/
flat turn OK but not great;
sidestep has adverse yaw--BO
effect on turn or approach but
annoying on maintaining center-
line

08 4 4 4 coordinated turn nice but jerky
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Table 4-2. Pilot Ratings of Landing Approach Task (con't)

TURN FINAL MAINTAIN
RUNWAY

MODE FINAL APPROACH CENTERLINE COMMENTS

03 5 5 6 awkward learning to center ball
with thumb; intuitive rudder input
sends ball out; roll rate OK but
poor coordination; lousy center-
line track

03 5 4.5 5.5 hard to coordinate; happy to keep
wings level on approach and use
thumb; centerline task heading
control confusing, upsets &SF
position

04 7 8 9 unable to learn new coordination
required; when changing ¢ with
lever, tend to relax stick to turn
and lose heading and ball--then
natural instinct is to kick pedals
which blows ball and whole setup

04 6 7 6.5 unable to smooth control; only way
to fly is feet on floor, roll lever
then thumb off, then fly turn stick--
crazy!

00 2.5 3.5 3 the way to go; natural control;
‘ tried §SF exclusively on approach --
a bit sloppy
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Table 4-2. Pilot Ratings of Landing Approach Task (con't)

TURN FINAL MAINTAIN
RUNWAY
MODE FINAL  APPROACH  CENTERLINE COMMENTS

Pilot B

00

02

06

06

07

06

03

04

00

more 8 than needed; coordination
required in turn and approach
(approach more critical); B late
in approach OK

B too large; uncomfortable ''ride"
quality; turn better but bothered
by turbulence

gain on B too high, otherwise
good type of control; r not much
help; like ¢

uncomfortable ride

better than Mode 02; pedals better
B control

hard to learn; roll 6T not hard to
control; typical to remember past
control pairings




not comment on this, perhaps because the small yaw rate command authority
(6.2 deg/sec at 105 KIAS) masked the response rise time. Both pilots rated
the alternate controller-to-command pairings as inferior to the baseline
design. Mode 03 was rated better than Mode 04, chowing that the command of
lateral translation by the foot pedals (which have a lower sensitivity than
the thumb lever) is satisfactory while thumb lever control of roll is not.
Pilot A's rating pattern suggests a learning tendency with the alternate
pairings, and there is a strong implication that the ratings for all of

the modes could improve with pilot experience. Pilot B gave the best com-
bined rating to Mode 06 although is has an uncomfortable ride quality. The
poor ride is a result, in part, of surface chatter--particularly during the
approach portion of the task where the noise is accentuated in the absence
of a need for a large amount of maneuvering. Finally, for maintaining the
centerline, Pilot B rated most of the closed-loop modes (which use a single
cockpit control) superior to the direct mode (which requires cross-control-

ling).

In an effort to improve the ride quality of the closed-loop VRA,
without altering the control law gains, the thumb lever command on the
aircraft's stick was modified. At the suggestion of Pilot B, a first-order,
low-pass prefilter, which included a variable capacitor that could be ad-

justed in flight, was incorporated in the command signal.

Additional improvements made to the thumb controller included a damper,
centering spring, and abrasive paper placed on the face of the lever. The
damper provided an additional filter to lessen the abruptness of the sidestep
maneuver. The spring served as a center detent so that the pilot would con-
sistently have equal command authority in both directions. Although it
proved no problem to Pilot B, Pilot A complained of the substantial thumb
travel necessary for full command. The sandpaper was added to alleviate
thumb slippage throughout the command range. This problem points out the

need for human factor considerations in the design of new cockpit controllers.
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Also, command authority at 105 KIAS with the thumb lever was reduced 40
percent to 8.07 deg, or a lateral velocity of 14.9 KIAS. !

A further measure was undertaken in an effort to reduce the noise in
the FBW system. Low-pass filters were incorporated with both rate gyros
{yaw rate and roll rate). Such a filter already existed in the sideslip
feedback circuit. (See Appendix D for all VRA filter values.) The maximum
command signal from the thumb controller also was increased from 2.88 volts

to 16.14 volts.

The other profile used to evaluate the advanced control maneuvers
involved the acquiring of stationary ground targets. The task was severely
limited by the necessity that the aircraft remain within the FRL telemetry
cone (extending from the antenna atop the FRL to no farther than about 5
miles east and 2000 feet AGL) for data acquisition. Just as limiting was
the rudimentary tracking sight installed for the tests. Aligned with the
fuselage, the boresight-like device consisted of a small circle drawn on
windscreen in front of the test pilot and a '"pipper' mounted just above the
aircraft's nose. The task began with the pilot acquiring and momentarily
tracking--using the flat turn--two prominent landmarks which were located
about 5 miles away and 2 miles apart. As the VRA approached the FRL. the
pilot attempted to perform the same task--this time alternating between two
ground targets (about 40 ft apart) next to the building--by using the side-

step maneuver.

Pilot A performed the task with Modes 0l and 02 and still commented on
the noticeable chatter of Mode 0l. As a balance between ride quality and
task performance, he settled for a time constant of 0.181 sec in the thumb
lever's low-pass filter. Pilot A went on to say that the increased breakout

force and positive detent of the thumb switch was helpful. .

Pilot B evaluated Modes 02 and 08 in the target acquisition task. The

s
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Mode 08 sidestep was smooth, but because the adverse yaw rate transient
required full pedal deflection to maintain heading, he deemed the mode,
"not useful”. The Mode 02 flat turn was better damped and more precise
than that of Mode 08. Less of a yaw rate transient existed in the Mode 02
sidestep, but still, target acquisition was hampered by the pilot's head

displacement, caused by the lateral acceleration transient.

Nevertheless, the ability to translate laterally could prove useful
for last-second acquisition and tracking. Likewise, the flat turn was
beneficial in enabling the pilot to make small heading changes and to

constantly maintain sight of poth targets. Representative telemetry strip

chart recordings of the task are located in Figures 4-10 and 4-11. Yaw rate
(which contains a large amount of noise), sideslip, roll angle, rudder

deflection, and side force panel deflection are plotted.

Figure 4-10 depicts Mode 01 in the latter part of the long-range
acquisition task and then the short-range task. It is seen that the pilot
uses the roll-to-turn method for the large heading changes necessary in
acquiring a new target at a distance. Since this mode does not incorporate
a coordinated turn "interconnect', the pilot commands roll rate with the
lateral stick and coordinates the turn with yaw rate through the foot pedals.
The figure shows a 25-deg roll angle properly coordinated with about 4.5 deg
of yaw rate. The flat turn is only used for fine tuning heading adjustments
on the target. The time response concludes showing the sidestep maneuver
being used four times in the close-in target tracking. Sometimes full
authority is commanded, in which case relatively large control deflections

result.

The entire target acquisition profile (100 sec) employing Mode 02 is
included in Figure 4-11. The task is accomplished in a manner similar to
that used with Mode 01. The pilot coordinates a banked turn himself to
acquire the new target and then uses the flat turn for precise tracking.
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For the final 21 seconds, a series of lateral translations occurs in the

short-range tracking task.

Thus concludes the final phase of the direct side force Micro-DFCS
study. In addition to remarks contained in this chapter, Chapter 5
includes further results gained from the flight testing along with con-

cluding remarks concerning the entire investigation.
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Target Acqguisition Task Telemetry -~ Mode 02.
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Figure 4-11.
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5. CONCLUSION

This investigation has been concerned with the implementation of a
microprocessor-based flight control system aboard an aircraft with a direct
side force capability. Advanced maneuvers were developed using Equivalent
Stability Derivative Matching and then implemented as a digital command
augmentation system in flight. Numerous conclusions can be drawn as a

result of the research conducted.

® In developing a CAS, a steady-state response analysis is
beneficial and is independent of the control law selected.
Care must be used when trving to command a motion whose
integral is a state because of the resulting singularity;
in this case, a quasi-steady equilibrium analysis must be
performed.

e In theory, ESD Matching is a simple but effective control
design technique, when dealing with an aircraft that has
independent control of all rigid-body degrees of freedom.
However, the selection of the model to be followed may be
at least as difficult as the determination of weighting
matrices associated with a linear-~quadratic regulator.

o The flexibility of a digital flight control system based
on microprocessor technology was proven. Additions and
alterations to the control system were accomplished with
simple software modifications, and further time savings,
if needed, could still be achieved.

¢ Any ground test designed for the verification of a control
law should include disturbance inputs to more closely re-
flect the flight test environment. As a corollary, some of
the resulting closed-lcop stability derivatives, such as
NB’ must be stabilizing.

As far as the controller-to-command pairings are concerned, the base-

line configuration of rudder pedals to yaw rate, lateral stick to roll,
and thumb lever to sideslip, provided the best pilot ratings. The ratings
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for the other configurations suffered as a result of their novelty to the
pilots. It remains to be seen what type of cockpit manipulator is best
for direct side force control, or whether the DSF capability should be
blended with the conventional controls. Apparently the answer is task-

dependent.

Finally, conclusions concerning each of the three advanced maneuvers
designed--flat turn, lateral translation, and roll mode--are presented.
(Fuselage pointing, another maneuver available with direct side force,
was not tested in flight, but it could prove beneficial since it involves
no lateral acceleration.) No flight tests were conducted for the evalua-

tion of air-to-air tracking or the tracking of moving ground targets.

e The inherent difficulty of the flat turn is the steady-state
lateral acceleration. This is particularly troublesome
during turns that can easily be accomplished conventionally
with the aid of bank for coordination. In a maneuver like
dive-bombing, where a turn involving roll contributes to
the tracking error because of the "pendulum effect', the
flat turn has shown great potentirl. A lack of facilities
and equipment prohibited the testing of these types of
sophisticated tasks. The mode did prove the importance of
flight testing. Unlike studies employing only a fixed-base
simulator that concluded the flat turn mode should achieve
a lateral acceleration of at least one g (Ref. 6, 9-10),

VRA pilots noted that an acceleration of more than about

0.5 g would be counterproductive. It should be noted that
human factors improvements over the present test conditions
could alter this conclusion. For example, the pilot would

be less susceptible to the effects of lateral acceleration
if equipped with a contoured seat (to include side-body and
head restraints), and a lightweight helmet such as that being
developed for military pilots.

o The lateral translation probably showed the most promise
of any of the modes tested. It is extremely effective in
negating crosswinds, thus alleviating the need for using
~a crab or wing-low maneuver on final approach and in the
flare. The sidestep also displayed promise for making last-
second tracking corrections, as in a strafing pass. The
limitations of the maneuver are twofold. There is a
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tradeoff between speed of response and transient acceleration.
It is difficult, however, to express the maximum initial
acceleration tolerable because of the inclusion of a pre-
filter in the command signal during flight testing. The
other limitation of the sidestep is the limited steady-state
velocity. At 105 KIAS, the maximum lateral velocity avail-
able was 24.3 KIAS, and as such, it was not very noticeable
to the pilot until near the ''target". Transient lateral
acceleration is also affected by this command authority.

No air-to-ground task involving moving targets, which is
suited to the sidestep maneuver, was attempted.

e Two variations “nvolving the command of roll were tested--a
pure roll rate zngle, and a roll angle coordinated with
yaw rate. The only advantage of commanding roll angle,
instead of roll rate, was that the aircraft roll attitude
was maintained during wind gusts. The coordinated roll was
advantageous because it required only one command input
as opposed to two during a conventional turn. Both roll
angle variations were degraded by the necessity of dis-
placing the stick laterally for as long as the bank was to
be held.

The microcomputer provided a tremendous amount of flexibility to the
flight testing of various lateral-directional maneuvers involving the use
of side force. So much can be gained by this type of research by both
the civilian and military sectors that work must be continued. More
sophisticated tasks should be undertaken--this will necessitate the use

of better equipment and, probably, a more complex control law.
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APPENDIX A

VARIABLE-RESPONSE RESEARCH AIRCRAFT

The Variable-Response Research Aircraft (VRA) is a modified Navion
aircraft. It is based at the Flight Research Laboratory (FRL) located
on the James Forrestal Campus of Princeton University. The aircraft
has been involved in many flight experiments concerning flying qualities,

control systems, and human factors.

The main feature of the VRA is the capability to produce independent
motion about all six rigid-body degrees-of-freedom. This is accomplished
by the inciusion of direct 1ift flaps and direct side force panels. Each
of the two side force panels ia a NACA 0012 airfoil with a surface area
of 16.0 square feet. The panels are mounted on the wing as shown in

Figure A-1.

The VRA is further modified with hydraulic servos, originally used
on the B-58 bomber, to drive the control surfaces. The lateral-directional

actuator dynamics are depicted in Table A-1.

Sensors available during flight testing include angular rate gyros
and linear accelerometers for all three axes, a vertical gyro, dual angle-
of-attack and sideslip-angle vanes, radar altimeter, indicated airspeed,
control surface positions, and cockpit control positions. This data can

be used for system feedback or telemetered to the FRL ground station.

For safety and efficiency, a two-man crew operates the VRA during
flight testing. The cockpit layout is shown in Figure A-2. The safety
pilot flys the conventional mechanical system in the left seat and the
evaluation pilot operates the fly-by-wire (FBW) system in the right seat.




The safety pilot is responsible for setting up and monitoring the experi-
ment. When the situation dictates, he can disengage the FBW system and
regain mechanical control of the aircraft. Cn the other hand, the evalua-
tion pilot controls the aircraft during the microprocessor-based digital
flight control system (Micro-DFCS) operation. His side of the cockpit

is adapted for the experiment and includes a center control stick, thumb
switches for trim and direct force control, rudder pedals, and sideslip
and side force panel position meters in addition to conventional instru-

mentation. The interface of the two pilots and the Micro-DFCS with the

VRA is described in Figure A-3.
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Table A-1. VRA Lateral-Directional Actuators

DISPLACEMENT RATE LIMIT BANDWITH (Hz)
CONTROL LIMIT (deg) (deg/sec) FLAT RESPONSE  6db ATTENUATION
Rudder 15 70 5 10
Side Force 35 60 2 3
Aileron 30 70 5 10




a) Side View

b) Front View

Figure A-1. Variable-Response Research Aircraft.




Figure A-2,

Cockpit Layout.

Figure A-3.
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APPENDIX B

COMPUTER PROGRAMS

The FRL microprocessor laboratory was well-equipped for the writing,

debugging, and implementation of computer software required in this

study. A description of those items pictured in Figure B-1 (from left

to right) follows.

Oscilloscope--analyzes operation time of microcomputer
program when connected to output ports

Keyboard-printer terminal--enables user to write APL
functions and also obtain hard copies of computer programs
and output

Telephone couplers (above terminal)--enables communication
between the FRL terminals and the IBM 3033 computer located
on the main campus

FCCU-~see Section 4.1
HT/4 CDU (on FCCU)}--see Appendix C

EP-2A-79 PROM programmer (in front of FCCU)--allows the
transfer of memory stored in the microcomputer to an EPROM;
in this case, 2716-type 2K (2048 bytes) EPROMs were used,
which could be '"burned", or altered, several times by the
programmer

Housing Unit--see Appendix C

Switching box--user-selectable to enable the communication
between any of the following: 3033 computer, CRT terminal,
and microcomputer

Keyboard CRT terminal--enables user to communicate with 3033
computer or Z-B0A microprocessor

The software necessary for this research is now described.
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B.1 APL FUNCTIONS

Most of the work performed in Chapter 2 was accomplished using the
APL computer language (APL stands for A Programming Language). APL is
ideally suited to the discrete time control equations because of its
orientation toward matrix algebra. The APL functions (or programs)
devised for this study were stored in the workspace entitled SLG. In
addition, the public libraries EIGVAL and LINPLOT were used. The functions
contained in SLG are presented in Figure B-2, and briefly described below.

CONTIN---calculates the quasi-steady equilibrium response to command
based on continuous time dynamics for comparison with
results using DISCRE

DISCRE---calculates the quasi-steady equilibrium response to command
based on discrete time dynamics (Eqs. 24 and 25). Results
are printed in one-second increments.

ESD--~--~ calculates CB and CF in the ESD Matching control law using

Equations 34 and 35

FCLOOP---calculates F L’ given QCL’ using Equation 46

C

GAMMA----calculates ' using either Equation 11 or 15.

IDENT----creates an identity matrix of size n x n

NRCON----calculates the nonsingular steady-state response to command
based on continuous time dynamics for comparison with results
using NRDIS

NRDIS----calculates the nonsingular steady-state response to command
based on discrete time dynamics (Eq. 22); results are dis-
played in one-second intervals

PHICL----calculates QCL using Equation 47 and then displays FCL;
the associated eigenvalues are computed using EIGVAL
STMDYN-~-calculates ¢ using Equation 10
SUDOINV--calculates the pseudoinverse of matrix A using Equation 36
TIMESIM--calculates, and displays in a tabular form, the closed-loop
time response of the ESD Matching control law (Eq.38); further-

more, information is stored in matrices for subsequent plotting
using LINPLOT
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An example Jf an iteration for selecting a mode based on ESD Matching
is presented in Figure B-3. First, a model F matrix (FF2A) is devised
based on the method described in Section 2.4-2, and its eigenvalues computed.
The determinant is also found to see if a singularity exists. Next, as
determined by the command vector choice, the matrix AM is selected, and the
model G matrix (GG2A) computed. Hx and Hu are set so that the pilot's
inputs are represented. F105 and G105 contain the VRA stability and con-
trol dynamics, respectively, at 105 KIAS. The feedback (CB) and feed-
forward (CF) matrices of the control law can then be computed. The result-
ing closed-loop F matrix (FCL), and its eigenvalues, are calculated to
ensure a match with the model. The closed-loop steady-state response is
computed for each of the three pilot commands to verify the appropriate
output. The calculations based on continuous-time and discrete-time
dynamics are in agreement. Finally, a time response simulation for each
command (only one is shown in Fig. B-3) is generated and stored for subse-

quent computer plotting on a graphics terminal.
B.2 MICROCOMPUTER PROGRAMS

CAS-6 was written in Assembly Language. The mnemonics then were
assembled into machine code for use by the microprocessor. CAS-6 is 6K
(6144) bytes long; a smaller assembly language program (150 bytes), named
CKSUM, is presented as an example of the program (Fig. B-4).

CKSUM totals (in hexadecimal) the memory contents between the locations
MAIN and PEND, inclusive. In CAS-6 this value is used to ensure that no
memory is altered during program execution. The first column of the compiled
version shown is the memory addresses of the program. The hexadecimal
machine code found at these locations is listed in the following three
columns. The next column denotes the decimal line number, and the remaining
portion of the program is what was typed at the computer terminal. Those
lines that begin with a semi-colon are for documentation purposes--an
important consideration in microcomputer programs, especially one as large
as CAS-6.
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Figure B-1.

FRL Computer Room.
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T CKSUM LISTING

0000 1 ORG ODOOOH $STARTING ADDRESS OF FROGRAM

0000 2 SR A R R R R R R R R R R R R R R R R AR R R R R R R R R R R N R R R Y

nooo 3 H CKSUM ADDS THE CONTENTS OF THE MEMORY LOCATIONS

0ooo 4 } BETWEEN TWO ADDRESSES (MAIN AND FEND)» INCLUSIVE.

nooo 5 §# AFTER ACCESSING THIS FROGRAM (’GO TD D00O’)s INFUT

nooo 6 # THE STARTING ADDRESS OF THE MEMORY RLOCK TO KE

100 7 # SUMMED; AFTER A CARRIAGE RETURN AND LINE FEEID,

nooo 8 # INPUT THE ENDING ADDRESS OF THE BLOCK. THE HEX SUM

Dooo ? 3 IS DISFLAYED» AFTER WHICH YOU ARE RETURNED TO THE

nooo 10 # SYSTEM MONITOR.

0000 11 ¥ FROGRAMMER? S.L. GRUNWALD

0000 . 12 4 8/18/80

D000 13 R R R R R R R R R R R R R R R A R R R R R R R R R R R R R R RN R X

nooo 14 i

003F 15 CHOR EQU  OO03FH $CHANNEL O OUTFUT IN MONITOR

003R 16 CHOW EQU 003BH FCHANNEL O INFUT IN MONITOR

D000 17 ]

D000 18 A R N R N R R A R R R R R R N A R R R A R R R R R RN R R R R

[ooo 19 # THE STARTING AND ENDING ADDLRESSES ARE

nooo 20 i INFUT AND STORED

Dooo .21 XA A A R A R R R R A R A R R R A R R R A R R R R R R R R R R R R R R A

L0000 OE 02 22 MV C»2 FNUMBER OF ADDRESSES TN BE INFUT

0002 21 94 pO 23 LXI HsMAINt1 $LOC. OF MSE OF STARTING ADDRESS

No0S 06 02 24 AGAIN: MVI B2 iNUMBER OF BYTES TO EE INFUT

0007 Cr 86 DO 25 CALL CRLF $CARRIAGE RETURN» LINE FEED

no0A Ch 74 DO 26 CONT? CALL READVAL $INPUT FIRST DIGIT

poon 17 27 RAL SMULTIPLY

DOOE 17 28 Rat 4 INFUT

DOOF 17 29 RAL ¥ BY

D010 17 30 RAL i 16

DO11 E& FO 31 ANI OFOH $MASK OFF LSE

Got3 77 32 MOV  MsA #STORE IT IN MEMORY

0014 Cot 74 DO 33 CALL READVAL $ INFUT SECOND DIGIT

DO17 8% 34 ADD M §ALD TO FIRST

pois 77 35 MOV M,A } AND STORE IN MEMORY

o1 2B 3s DCX H SDECREMENT MEMORY ADORESS

nota 05 37 DCR R $DECREMENT NUMBER OF RYTES

DO1R C2 0A DO 38 JNZ CONT # INFUT LSE

DO1E OD 3= DCR C #ELSE» DECREMENT NC. OF ADDRESSES

DO1F CA 28 DO 40 JZ NEXT §DONE WITH INFUT IF ZERO

Do22 21 98 IO 41 LXI HyPEND+2 #LOC., OF MSP OF ENDING ADDRESS

D025 C3 05 DO 42 JMP  AGAIN # INFUT ADRDRESS

Dozs 43 I AR R R R R R A R R R A R R R R R R R R R R R R R R R R R R R R R N

Doza 44 } THE NUMBER OF LOCATIONS IN THE BLOCK

no2s 45 #1S CALCULATED

no28 46 FIFIFFIRRNNRIBRSIISASIRNRRIRRRKIIIIIIIIIIISG

0028 11 02 00 A7 NEXT? LXI Des0002 $OFFSET FOR 2'S COMPLEMENT ADRD,

DO2K 2A 93 DO 48 LHLD MAIN FLOAD HeL WITH STARTING ARDKESS

DO2E 7C 49 MOV ArH $MOVE MSR TO A

DO2F 2F S50 CHA SCOMFPLEMENT IT

D030 67 S1 MOV HiA $STORE MSB

Do31 7b 52 MOV AL $00 THE

no3a2 2rF S3 CHA $ SAME WITH

D033 &F S54 MOV LsA $ THE LSE

D034 19 S5 DAD D $ALD OFFSET TO STARTING ADDRESS

DO35 ER 36 XEMG $STORE IN DyE

no3s 24 935 N0 57 LHLD PEND $LOAD HrL WITH ENDING ALDRESS .

D039 19 S8 DAD D $TOTAL NUMBER OF LOCATIINS IN 2LCCX H

DO3A ER 59 XCHG 3STORE IN IE ¥

DO3E 60 RN N R R R R R R R A N R R R R R R R R AR R R RR L 3

003B 61 $ THE CONTENTS OF THE BLOCK IS SUMMED %
3

Figure B-4. "CKSUM" Microcomputer Program.
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DO3E
DO3R
DO3E
DO3F
D04l
0042
Dpoa3
D044
D045
D046
D047
1048
DOAB
DO4R
DO4B
DO4R
DoAC
Do4n
DO4E
DO4F
D050
Dos51
nos3
noss
noss
nosaA
DosC
DOSF
DO&2
01083
D045
D0&7
DOéA
DoéC
DOSE
D071
1074
D074
0074
D074
D074
Do77
D079
po7cC
DO7E
Dos1
D083
Do8s
no8s
DO8é
Do8s
DOBs
Do8é
Dpoez
- bo8s?
Dpo8sc
DOSE
D091
DO92
0o93
D093
DO9PS
D097
DO%7

R$ T=0.03/0.19 12:40:24

Toed t meltiligp e 1 TAwe ,  Se. ot

24
ER
06
1A
80
47
13
fed
7D
B4

c2

78
FS
iF
iF
1F
1F
Eé
FE
DA
Cé
Cé
Cp
o
Fi
Eé
FE
DA
Cé
Cé
CD
c3

Co
ES
cn
FE
D2
Cé
Dé
co

Fs
3E
co
3E
Ccp
F1
ce

93 Lo

00

41

OF .

0A
SA
Q7
30
86
3B

OF
oA
6C
07
30
3R

92

IF
7F
IR
3A
83
07
37

0A
3B
oD
3B

Do

Do

oo
00

no

00
00

00
00

Do

00
00

62
63
64
65
&6
67
48
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
B84
85
86
87
88
89
90
91
92
9?3
94
9S
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125

Figure B-4.

IR REE]

ADDITS

FIRSTS

SECOND

F§é

A R R RN RN R R R R R R AR N RN R R R AR N R )

LHLD MAIN iSTART AT BEGINNING ADDRESS
XCHG $FPUT IT IN IHE

MVUI  E,00 $STORES SUM OF MACHINE CQIES
LDAX D iLOAD THE BYTE AT THE AIIRESS
ADD E #AND ADD IT TO THE SUM

MOV  BsA $STORE SUM

INX D $ INCREMENT ADDRESS FOINTER
DCX H $DEC, NO. OF BYTES IN FROGRAM
MOV  AsL $CHECK TO SEE IF

ORA H ¥ ALL DONE ADDING

JINZ  ADDIT JELSEs KEEF ADDING

A R R R R R R R R R R R A R R R R R R R R RN R RN R R R R X ]
HEX SuM IS DISFLAYED .
R R R R A R R R R R R R R R R AR R R R R AR R R A 2

MOV AYE iMOVE FINAL SUM TO A
FUSH FSW $SAVE FINAL SuM
RAR
RAR
RAR
RAR
ANI OFH $GET JUST MSE
CPI OAH
Jc FIRST
ADI 07 $alD 3I7H IF DIGIT > 9
ADI 30H . $ELSEy ADD 30H
CALL CRLF FCR AND LF
CALL CHOW $OUTRUT MOST SIG. DIGIT OF SUM
FOP FSU $RESTORE FINAL SuUM TO A
ANI OFH $GET JUST LSHE
CFI OAH
JC SECOND
ALl 07
¢ ADI  30H
CALL CHOUW
JMFE 0092H $JUMF TO SYSTEM MONITOR

FEIIRRIRIRRRIIIRRIRIIFIIIIISIBEIGTS

iéi
i SUBROUTINE TO READ THE INPUT FROM
#THE CONSOLE,L AND ECHO IT BACK

(X REE2]

R A R R R R A R R R R R R R R R R R R R R RN R AR R R R B

READIVAL: CALL CHOR FGET INFUT

ANI 7FH iMASK OFF BIT ?

CALL CHOW $ECHO INFUT TO CONSOLE

CFPI 3AH §IF INFUT IS NUMERALs SUBTRACT

JNC RETU H JOH FROM ASCII REF.

ADI 7 .
RETU? SUTI 37H FELSEs SURTRACT 37H

RET

i

AEES AR R R R R RN R R 2] (XA ERRR R R R Y

iiié
$ SUFROQUTINE TO QUTPUT A CARRIAGE
$RETURN ANDI A LINE FEED

I XEERR
CRLF?

MAINS
PEND?

AR R R R R R XN R R R R R R R AR R R A R R A R A A
PUSH FSW
MVI AsOAH
CALL CHOW
MVI AsODH
CALL CHOW
POP PSW
RET

DS 2 $LOCATION OF MAIN
11] 2 $LOCATION OF PEND

$OUTPUT CARRIAGE RETURN

$OUTPUT LINE FEED

END

Continued.
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APPENDIX C

MICROCOMPUTER HARDWARE

A description is given of each piece of equipment necessary for the

implementation of the Micro-DFCS.

Housing Unit

The unit designed to house and provide power to the microcomputer
boards during ground testing is pictured in Figure C-1. This rear view
shows the boards along with various connections for peripheral devices.
For flight, the computer boards are transferred to an RF-shielded, shock-
mounted Flight Control Computer Unit (FCCU).

Monolithic MSC 8004 Single Board Computer

At the heart of the Micro-DFCS is the MSC 8004 central processing
board (Figure C-2). This board contains the Zilog Z-80A microprocessor
which operates at 4.0 MHz with 8-bit data words (or bytes). The micro-
processor allows for 158 different instructions--with a minimum instruc-
tion time of 1.0 Wsec--and is compatible with the popular Intel 8080
instruction set. Additionally, the chip contains 17 storage registers.
Besides the Z-80A, the MSC 8004 contains a substantial amount of memory:
32K (32,768) bytes of RAM and up to 16K (16,384 bytes) of PROM. Other
features of the board include: three 16-bit 8253 programmable timers;
two 8255 programmable peripheral interfaces, providing a total of 48
parallel I/0 lines; an 8214 interrupt controller; an 8251 USART for serial

transmission; and an edge connector for interface with the Intel Multibus ™M

Although not used during the investigation, the Am 9511 Arithmetic
Processing Unit (APU) also is included on the MSC 8004. If operating
at 4 MHz, the APU performs math operations twice as fast as the Intel 310




Math board--the unit used during the present work. The APU also provides
for trigonometric, logarithmic, and exponential functions. The APU was not
incorporated in the current Micro-DFCS because verification tests of its

clock and distinct programming format had not been completed.

Intel iSBC 310 High-Speed Math

The iSBC 310 Math board (Figure C-3) reduces the computationdl time
between sampling instants during Micro-DFCS operation. The board performs

14 arithmetic functions an order of magnitude faster than software routines.

The functions performed in CAS-6, along with the typical execution time in
parenthesese, follow: fixed-to-floating point (84 usec), floating-to-fixed
point (42 usec), floating point multiply (84 usec), floating point addition
and subtraction (each 33 psec), and floating point test (7 usec). In
addition to the execution times presented, it typically takes 90 usec to

pass the arguments to the math board and, subsequently, read the result.

Intel iSBC 732 Combination Analog I/0

The iSBC 732 (Figure C-4) is used to interface the VRA's FBW system
with the Micro-DFCS. Electric signals from the aircraft's sensors are
converted for use in the digital control law and then reconverted for out-
put to the control surfaces. The iSBC 732 has 16 single-ended analog input
channels (expandable to -32) for A/D conversion and two D/A converters. The
board has a 12-bit resolution capability and a +10-volt range.

Intel iSBC 724 Analog Output

Augmenting the iSBC 732 is the iSBC 724 Analog Output board (Figure
C-5). The board contains 4 D/A converters, also using 12-bit resolution

and a *10-volt range.

Intel iSBC 094 Battery RAM

The iSBC 094 (Figure C-6) board contains 4K (4096 bytes) of RAM that
can be jumpered to start at any 4K memory address boundary. After removal

c-2

5 AT T I PN OO AT MBI . x5 75, A T BT e e P e T e bl

o




of the 5-volt system power, the on-board RAM remains intact for at least
96 hours because of an on-board rechargeable battery. This feature enables
the transfer of memory from the ground-based microcomputer unit to the

FCCU used in flight.

Termiflex HT/4 Handheld Contrel Display Unit

The HT/4 CDU provides the interface betweer the test pilot and the
Micro-DFCS. The unit, operating at a 1200-baud rate, accepts and displays
all ASCII characters; however, a two-stroke input is required and the

display is limited to two l2-~character lines.
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Figure C-1. Rear View of Microcomputer.
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Figure C-2. MSC 8004 Single Board Computer.
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Figure C-3. iSBC 310 High-Speed Math.
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Figure C-4. iSBC 732 Combination Analog 1/0.
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APPENDIX D

VALUES USED DURING INVESTIGATION

This Appendix is a source for the parameters (scaling, conversions,
etc.) encountered during this Micro-DFCS research. Table D-1 depicts

the final values.

Table D-1. Pertinant Data

Stability and Control Derivitives see Table 2-1
Actuator Dynamics see Table A-1

TELEMETRY CALIBRATIONS

Signal Channel Gain Scaling
T 4. .659 1V = §%s
B 2,24 .420 1v = 5°
P 3,25 .789 1v - 5%s
¢ 10,32 .690 1V = 10°
ny 18 1.22 v=.1g
SR 14 .809 10V = full deflection
8SF 15 .903 "
SA 37 1.00 "
ép 5,27 .937 "
és 1,23 .867 "
D-1




P
T

iR

Table D-1. Pertinant Data (con't)

FILTERS (First Order, Low-pass)

Sensor
8T
r

B

A/D CONVERSIONS

Sensor
T
B
P
¢
&p
¥
8S

D/A CONVERSIONS

Sensor

SR
OSF
SA

T (sec)

.181 (with C =
.0188
.020
.0225

Value
- 3.686 deg/sec/V
+ 2.867 deg/V
+ 4.460 deg/sec/V
~-12.019 deg/V
-17.43 deg/full deflection
+16.14 "
+18.00 "

Value

.524 V/deg
-.287 "
.513 n

D-2

. 3UF)

Sign Convention (+)

right
trailing edge left
right

Sign Convention (+)
trailing edge
left

"

right up

TR
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